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Abstract 
 
Recent surface chemical approaches to physically modeling the extra-cellular matrix (ECM) have 
provided invaluable insight into the molecular nature of cell adhesion and have clearly established the 
contributions of altered cell adhesion to disease onset and progression. In order to better understand 
the complex relationships between the many molecules involved in cell adhesion, we have developed a 
general method to create multi-component biological surface gradients that present multiple, distinct 
adhesive molecules onto planar substrates, corrugated substrates and the surface of collagen-GAG 
scaffolds at varied concentrations, and in defined geometric patterns.  In our approach the generation of 
a light density gradient across a photo-active benzophenone monolayer will form covalent linkages 
between a solution phase biomolecule and the surface, resulting in the transfer of the photon gradient 
to a biomolecular gradient.  The method is promising for the direct generation of complex, multi-
component patterns or gradients of biomolecules, which may serve as biomolecularly relevant models 
of the ECM. Future work will focus on applying multi-component biomolecular patterns and gradients to 
investigations of cell adhesion, migration, proliferation, and differentiation. 
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Chapter 1- Introduction and Background 
Cellular function is partially controlled by the extracellular matrix (ECM), which makes up the tissue 
microenvironment.1 The ECM is a network of proteins secreted by cells  that creates a mechanical 
support  to  for regulate tissue mechanics such as cell-cell interactions, presents ligands to cellular 
receptors, captures diffusing chemical regulators to activate or inhibit specific targets, and mediates the 
adhesion of cells to each other and to the ECM itself (Fig. 1.1).2,3 The main components of the ECM are: 
proteoglycans, involved in binding cations and water and regulating the movement of molecules within 
the matrix; collagen fibers, which provide structural support; and matrix proteins, which bind various 
protein components to receptors on the cell surface.2   Fibronectin and laminin are two examples of 
adhesive proteoglycans that are integral components of the ECM.  Fibronectin connects cells with 
collagen fibrils allowing cells to migrate through the ECM, and laminin provides a web-like network that 
resists tensile forces and assists in cell adhesion.  The ECM also allows communication directly and 
indirectly with intracellular signaling pathways that direct cells to carry out specific functions, including 
migration, proliferation, and adhesion.2  Dysregulation of these interactions can contribute to a number 
of diseases including developmental disorders and cancer.3  
Cell-cell adhesion is of particular interest due to its role in cancer and metastasis.4  There are four main 
types of molecules involved in cell adhesion: cadherins, calcium-dependent cell adhesion molecules that 
regulate cell-cell adhesion and tissue organization;  integrins, ligands that attach cells to the ECM or 
other cells;  selectins, transmembrane glycoproteins that mediate the function and migration of 
circulatory cells; and immunoglobin-like molecules, cell surface and soluble proteins that are involved in 
the recognition, binding and adhesion of cells.5-8 These molecules when taken together represent the 
cell-adhesion microenvironment.  Cadherins regulate cell-cell interactions and thus are of interest in 
cancer research, since in order for a tumor cell to leave the primary site and migrate to other tissues it 
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must undergo disintegration of intracellular adhesion.  The subsequent processes of migration, 
extravasation and adhesion depend on novel adhesive interactions with the ECM and the tissue.4 E-
cadherin has been implicated in the progression of breast cancer and its invasive nature.9-12  
In this highly complex biomolecular environment, an enormous collection of individual interactions are 
occurring simultaneously to orchestrate cellular behaviors. The mechanism by which the ECM regulates 
these interactions is starting to be unveiled as a result of biological and biochemical studies; however 
much remains unknown about this intricate process.13  Given the high level of complexity present in the 
ECM it is difficult to distinguish the various cell-cell and cell-ligand interactions that result in particular 
cell microenvironments in vivo.  In vitro studies have the potential to enable studies in which various 
parameters, such as density and the position of biomolecular cues, can be specifically controlled and 
regulated.  In vitro substrates presenting higher levels of molecular complexity are particularly desirable 
in order to accurately mimic and understand the in vivo microenvironment.  Therefore the importance 
of understanding the careful organization, both spatial and temporal, of biomolecular presentation in 
healthy and diseased tissue microenvironments cannot be overstated.   
Recently, chemists have developed an increasing interest in creating surfaces which can present specific 
molecules representing the ECM to create simplified models of this adhesive environment. Gradients of 
spatially defined proteins or carbohydrates present an interesting platform to study ECM-like 
interactions in vitro since cells experience gradients of various biochemical cues in their tissue-specific 
microenvironment in vivo and respond accordingly with migration, adhesion/detachment, proliferation, 
biochemical secretion, or apoptosis.  Since the presentation of numerous biomolecules vary over time 
and space in vivo, substrates presenting multiple biomolecules at varying concentrations can be utilized 
to obtain high-content information about the interplay between various biomolecules and their role in 
causing specific cellular responses.  In vitro substrates that can present multiple ligands in a defined and 
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controlled manner may elucidate the manner in which cells respond to numerous biomolecular signals 
in vivo. 
 Various research groups have created surface patterns or gradients on substrates (typically glass or 
gold) using organic synthesis, electrochemistry, microfluidics, photochemistry, and adsorption 
techniques in attempt to enable biointerfacial studies which elucidate the interactions happening in the 
tissue-specific microenvironment.14-25  Using such substrates, cellular interaction studies have revealed 
valuable insights into the nature of various ligand-receptor interactions and their role in cell adhesion, 
migration, differentiation and other biological processes.11, 26-34  However, much remains to be 
discovered about the manner in which multiple biomolecular and/or structural cues define tissue-
specific microenvironments and the resulting behaviors of cells within these microenvironments.  These 
techniques all have their strengths as well as limitations.  Strengths of these techniques lie in their ability 
to immobilize biomolecules with specific orientations, and control over immobilized ligand density. 
Some limitations include the modification of the biomolecule of interest with non-native functionalities, 
the size of the pattern or gradient generated, and the ability to immobilize only single biomolecules of 
interest onto a single substrate. Therefore, new methods are needed to generate substrates which 
present an increased level of both biomolecular and microstructural complexity that more accurately 
mimic the complexity inherent in the native ECM in a quantitative, spatially and temporally controlled 
manner.     
This thesis research has focused on developing such a scheme whereby light is used as the reagent to 
control the extent and spatial location of protein deposition. In its most simple implementation, this is 
made possible by modulating photon flux (illumination intensity) and the spatial presentation of light by 
the use of photomasks, which restrict protein deposition to defined areas. This has been demonstrated 
by previous approaches to biomolecular pattern generation that have utilized photolithographic 
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techniques35-41 and photochemical approaches.42-46 In my approach, glass substrates were functionalized 
to present the photocrosslinking molecule, benzophenone (BP).47  BP-functionalized surfaces have been 
previously demonstrated for photoimmobilization of polymers48, 49 and biomolecules.22, 25, 50-61 However, 
this work represents the first demonstrations of BP-modified surfaces for multi-component 
photoimmobilization of biomolecules in patterns onto planar and non-planar substrates.   
Chapter two focuses on the development and characterization of this technique to generate 
biomolecular patterns, and gradients on planar glass and on corrugated substrates using light as the 
reagent.   Benzophenone utilizes UV light to generate a new C-C bond via radical chemistry with its only 
requirement being the presence of a C-H bond (Fig. 1.3). Substrates were generated and characterized 
using contact angle goniometry, TOF-SIMs, AFM, fluorescence microscopy and a radioimmunoassay.  
Chapter two also demonstrates the utility of this method by generating multi-component biomolecular 
patterns on the same substrate and onto biomolecular photopatterning on corrugated substrates which 
have potential applications in the investigation of cell differentiation and neuronal guidance.19, 62-69 
There is great potential to use the BP photopatterning approach to generate substrates which present a 
variety of biomolecular cues since the only requirement is the presence of a C-H bond.  This generality 
makes this approach particularly attractive for immobilizing proteins not only on 2-D surfaces but also 
onto 3-D materials in order to better approximate the ECM environment.  Biomaterials researchers have 
taken steps toward developing materials that present specific biomolecules of interest (chemokines, 
growth factors, etc.) in a spatially defined manner in order to stimulate tissue repair and regeneration.11, 
31, 70-79  The ability to pattern biomaterials has recently been used to recapitulate the complex nature of 
the ECM in order to observe cell behavior.    For example, hyaluronic acid (HA) hydrogels presenting 
photoimmobilized adhesive peptides have been used to provide guidance for basal root ganglion cells 
and hippocamapal progenitor cells along an arbitrary 3-D path.80 Most applications, however, cannot 
 5 
 
separate biomaterial fabrication from the spatial biomolecular deposition that is applicable to the wide 
range of biomolecular moieties in the native ECM. Collagen based scaffolds offer advantages with the 
ability to control microstructural, mechanical and compositional properties.  Their high porosity 
improves the rate of cell infiltration and metabolite diffusion.  The ability to spatially and temporally 
control patterns and gradients of biomolecules within biomaterials holds promise for regenerative 
medicine and for investigating fundamental cell-matrix interactions.  Chapter three demonstrates the 
application of BP photochemistry to spatially pattern biomolecules in collagen-GAG scaffolds.  Scaffold 
microstructure and mechanical properties were determined and the bioactivity of conjugated scaffolds 
with an ECM protein, fibronectin, was assessed.   
Given the importance of immobilized gradients in defining in vivo biological interfaces, the development 
of molecularly general approaches to spatially control the presentation of multiple biomolecules within 
porous scaffolds is an important goal for creating advanced models of cellular microenvironments. Since 
the spatial confinement of light is the only requirement for successful biomolecular patterning, we 
reasoned that this technique could be extended to porous, 3D scaffolds.  Chapter four demonstrates the 
ability to extend this patterning scheme to use two-photon excitation as a means to control 
immobilization within the same 3-D construct. 
Chapter five describes the attempt to generate peptide and protein presentation using BP on gold-
coated substrates.  This method utilized self-assembled monolayer desorption ionization (SAMDI) to 
monitor the extent of monolayer conjugation as well as the extent of biomolecular immobilization. 
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Figures 
 
Fig 1.1 Illustration of cell-cell and cell-ECM interactions The ECM fosters cell-cell interactions, presents 
ligands to cellular receptors, captures diffusing chemical regulators to activate or inhibit specific targets, 
and mediates the adhesion of cells to each other and to the ECM itself.  This image is adapted from 
http://www.mun.ca/biology.81   
Integrins
Extracellular Matrix
α-actinin
Actin Filaments
Vinculin
Talin
Cell Membrane
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Fig. 1.2 Schematic of the types of cell adhesion molecules 
The various cell adhesion proteins involved in anchoring cells to each other through homophillic 
interactions (cadherins),  ligands that attach cells to the ECM or other cells (integrins),  transmembrane 
glycoproteins that mediate the function and migration of circulatory cells (selectins), and cell surface 
and soluble proteins that are involved in the recognition, binding and adhesion of cells(immunoglobin-
like molecules).  This image is adapted from Molecular Cell Biology, 4th Edition.2  
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Fig. 1.3 Benzophenone photochemistry 
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Chapter 2- Quantitative Attachment of Multiple Biomolecules to Planar and Non-Planar Substrates via 
Direct Photoimmobilization 
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2.1 Introduction 
Surface chemical approaches to the generation of substrates presenting relevant biomolecules in a 
controlled manner hold enormous promise for advances in research areas including biointerface 
science, microarray technology, biosensors, microfluidics/point-of-care applications, and 
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nanotechnology.1-10 More specifically, biomolecular patterning tools have been rapidly developing due 
to a growing interest in exercising spatio-temporal control over protein patterns, characterizing 
immobilized protein site density for quantitative biointerface studies, and generating substrates 
presenting multiple ligands to model complex physiological environments.11-19 The most advantageous 
patterning approaches are those that are simple, molecularly general, quantifiable, and easily 
extendable to create substrates with higher levels of biomolecular substrate complexity. 
Our approach to this problem involves the use of light as a reagent, allowing facile control over the 
spatial distribution and surface density of immobilized biomolecules. Previously we showed that glass 
substrates functionalized to present the photocrosslinking molecule benzophenone (BP) could be 
utilized to directly immobilize multiple classes of biomolecules onto the surface as governed by spatially 
controlled incident photon flux and solution phase biomolecule concentration.20 Others have shown 
alternative biomolecular patterning strategies, often based upon either a combination of 
photolithographic patterning followed by bioconjugation or direct photochemical activation of the 
surface. 21-32 More relevant to this work, BP-functionalized surfaces were previously used in the 
photoimmobilization of polymers and biomolecules. 5, 33-47 
To generate biomolecular patterns, substrates are immersed in a solution containing the biomolecule of 
interest exposed to light through a photomask (350 – 365 nm), resulting in covalent attachment of 
biomolecules to the surface in a spatially controlled manner (Scheme 2.1). When illuminated with UV 
light, BP undergoes an n→π* molecular transition, generating a triplet diradical that can eventually form 
a new C-C bond between the molecule of interest and the BP via a proton abstraction/radical 
recombination mechanism.48 If the BP molecule does not abstract a proton from a neighboring 
molecule, it will relax back to the ground state, enabling re-excitation in the presence of a different 
biomolecule. In this manner, we demonstrated that BP-based photoimmobilization is a versatile 
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technique for generating multi-component gradients by sequential exposures in the presence of 
different biomolecule solutions, and that these surfaces could be used as in vitro models for cell 
studies.20  
This work demonstrates the methodology to create substrates that present three discrete biomolecules 
in distinct spatial patterns, and demonstrate, via radioimmunoassay, that this methodology affords 
quantitative control over the density of biomolecule deposition immobilized onto the underlying 
substrate. Subsequent cell adhesion experiments showed that cells adhere selectively to immobilized 
capture ligands, indicating that the photopatterning scheme does not render the attached molecules 
biologically inactive. Furthermore, we also demonstrate the versatility of this photochemical 
immobilization scheme to the attachment of biomolecules onto non-planar, corrugated surfaces, which 
are not typically compatible with many contact- or flow-based patterning schemes since conformal 
contact and uniform fluid flow are both difficult to achieve on corrugated surfaces.  Together with the 
molecular generality afforded by the C-H bond insertion mechanism, due to the advantages of this direct 
photochemical attachment such as quantitative deposition, substrate versatility, and ability to deposit 
multiple biomolecules onto the same surface, this is an attractive methodology for a wide range of 
biomaterials research applications that rely upon defined biomolecular interfaces. 
 
2.2 Experimental  
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received, unless otherwise 
noted. 
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2.2.1 Surface preparation and functionalization 
Glass microscope slides (Fisher Scientific, Philadelphia, PA) were cleaned with Piranha solution (4:1 (v:v) 
concentrated H2SO4 : 30% H2O2 ).
49 Slides were rinsed extensively with water (ELGA LabWater Reservoir, 
Veolia Water Systems, Buckinghamshire, UK), absolute ethanol (Decon Laboratories, King of Prussia, PA), 
and dried under a stream of nitrogen. Slides were baked in an oven at 120 ºC for 1 hr, cooled to room 
temperature, and positioned upright along the wall of a vacuum dessicator, with 100 µL of 3-
(triethoxysilyl)butyl aldehyde (Gelest, Morrisville, PA) placed in the center of the chamber. Vacuum was 
applied to the sealed chamber and chemical vapor deposition of silane onto the glass slides was allowed 
to occur for 2.5 hrs. Slides were then cured at 120 oC for 1 hr, soaked in absolute ethanol for 15 min, 
rinsed with absolute ethanol, and dried under a stream of nitrogen. Successful silanization was 
determined via measurement of water contact angles (Ramȇ-Hart Goniometer, Netcong, NJ).  
Slides were then incubated in the dark for 4 hrs at room temperature in the presence of 20 mM 4-
benzoyl benzylamine hydrochloride (Matrix Scientific, Columbia, SC) and 200 mM NaCNBH3 in a solution 
of 4:1 DMF:MeOH, followed by immersion in aldehyde-blocking buffer (0.1 M Tris, 200 mM 
ethanolamine, pH 7.0) for 1 hr at room temperature. Slides were rinsed thoroughly with water, DMF, 
methanol, and ethanol, dried under a stream of nitrogen, and stored under a vacuum dessicator in the 
dark until further use.  
2.2.2 Surface preparation and functionalization for polyethylene glycol substrates 
Glass microscope slides (Fisher Scientific, Philadelphia, PA) were cleaned with Piranha solution (4:1 (v:v) 
concentrated H2SO4 : 30% H2O2 ).
49 Slides were rinsed extensively with water (ELGA LabWater Reservoir, 
Veolia Water Systems, Buckinghamshire, UK), absolute ethanol (Decon Laboratories, King of Prussia, PA), 
and dried under a stream of nitrogen. Slides were baked in an oven at 120 ºC for 1 hr, cooled to room 
temperature, and positioned upright along the wall of a vacuum dessicator, with 100 µL of 3-
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(triethoxysilyl)butyl aldehyde (Gelest, Morrisville, PA) placed in the center of the chamber. Vacuum was 
applied to the sealed chamber and chemical vapor deposition of silane onto the glass slides was allowed 
to occur for 2.5 hrs. Slides were then cured at 120 ºC for 1 hr, soaked in absolute ethanol for 15 min, 
rinsed with absolute ethanol, and dried under a stream of nitrogen. Successful silanization was 
determined via measurement of water contact angles (Ramȇ-Hart Goniometer, Netcong, NJ).  
Slides were then incubated for 4 hrs at room temperature in the presence of 10 mM H2N-PEG-CM 
(Laysan Bio, Inc, Arab, AL) and 100 mM NaCNBH3 in water followed immersion in aldehyde-blocking 
buffer (0.1 M Tris, 200 mM ethanolamine, pH 7.0) for 1 hr at room temperature. Slides were rinsed 
thoroughly with water, methanol, and ethanol, and dried under a stream of nitrogen.  
Slides were then incubated in the dark for 4 hrs at room temperature in the presence of 20 mM 4-
benzoyl benzylamine, 75 mM N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 30 
mM N-hydroxysuccinimide (NHS) pH 7.4 followed by immersion in NHS-quenching buffer (0.1 M Tris, 
100 mM ethanolamine, pH 8.5) for 1 hr at room temperature.  Slides were rinsed in water, methanol, 
and ethanol, dried under a stream of nitrogen and stored under a vacuum dessicator in the dark until 
further use. 
2.2.3 Fabrication of corrugated substrates 
Glass microscope slides were sonicated in acetone for 15 min and dried under a stream of nitrogen. 
Chromium metal was evaporated onto the glass substrates to a thickness of 150 nm using an electron 
beam evaporator (Temescal six pocket E-Beam Evaporation System, Commonwealth Scientific, Clayton 
South VIC, Australia). The glass substrates were then coated with approximately 2 µm of s1813 
photoresist (MicroChem, Newton, MA) using a spin coater (PWM 32-PS-R790, Headway Research Inc., 
Garland, TX) at 2000 rpm for 60 sec and soft baked for 60 sec at 115 °C. The Cr-coated glass substrate 
was then exposed to UV light from a CF2000 UV LED array source (350 – 360 nm, Clearstone 
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Technologies, Minneapolis, MN) through a photomask for 1 min at 35 mW/cm2. The resulting 
photoresist pattern was developed using MF 319 developer (Rohm and Haas Electronic Materials, 
Marlborough, MA) and the exposed Cr was removed using a CR-9 etchant (Cyantek, Fremont, CA) for 2 
min. The glass substrate with patterned Cr was then rinsed three times in purified water and dried under 
a stream of nitrogen. The back of the glass substrates were taped with PVC sealing tape (McMaster-Carr, 
Aurora, OH) to prevent etching, and the substrate was then immersed into a plastic container with glass 
etching solution (1M HF: 0.5M NH4F: 0.75M HNO3) held at a constant temperature of 40 
°C for 1 hr. The 
taped glass substrate was removed from the etching solution and immersed in purified water three 
times, rinsed in ethanol to strip the remaining photoresist and dried under a stream of nitrogen. The 
remaining Cr layer was removed using Cr etchant for 2 min as described above, rinsed in purified water 
and dried under a stream of nitrogen. The depths of the channels created were determined using a 
profilometer (Sloan Detak3, Veeco, Plainview, NY) to be approximately 35 µm deep. These corrugated 
glass substrates were cleaned, silanized and functionalized with BP as described for planar substrates. 
2.2.4 Photoimmobilization of proteins and carbohydrates 
The following biomolecules were used in photoimmobilization studies: biotinylated concanavalin A 
(ConA-biotin), purchased from Vector Laboratories (Burlingame, CA); mannan isolated from 
Saccharomyces cerevisiae; recombinant human P-selectin (CHO cell-derived), purchased from R&D 
Systems (Minneapolis, MN); and fibronectin (FN), purchased from Invitrogen (Carlsbad, CA).  Stock 
solutions of all proteins were prepared by resuspending lyophilized protein in the recommended buffer 
solutions (1x PBS for proteins and sterile water for mannan) to a concentration of 1 mg/mL. Aliquots 
were stored frozen at -20 oC until further dilutions in the respective buffers were freshly prepared to 
yield solutions of 5 µg/ml for photopatterning.  A solution of mannan was prepared by diluting 
lyophilized powder to a final concentration of 20 mg/ml in purified water for photopatterning.  
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A rectangular parallel-plate flow chamber (GlycoTech; Gaithersburg, MD) was assembled with a BP-
modified glass substrate separated by a silicone gasket of 127 μm thickness, 6 cm length, and 1 cm 
width. Vacuum was applied to hold together the substrate-chamber assembly. Appropriate connectors 
and tubing for the solution inlet and outlet were assembled, and a syringe pump (Harvard Apparatus, 
Hollison, MA) was utilized to pull biomolecule solutions through the chamber. Prior to irradiation with 
UV light, the biomolecule solution is flowed through the chamber at a rate of 3 mL/min.  During UV 
irradiation biomolecular solution flow was stopped. The assembled device was positioned face-down 
(allowing for illumination through the back of the glass substrate) beneath the UV output ( = 351.1-
363.8 nm) of an Argon ion laser (Coherent Innova 90-4, Laser Innovations, Santa Paula, CA). The laser 
light was homogenized using refractive beam-shaping optics (π-Shaper, Molecular Technologies, Berlin, 
Germany) and expanded to give a uniform illumination plane. The laser power was adjusted to give a 
final illumination intensity of 14 mW/cm2 at the substrate. For photopatterning of biomolecules, a Cr-
coated glass photomask having 100 μm stripe features separated by 400 µm was placed onto the back 
of the substrate and irradiated for the following times: 5 min for ConA-biotin, 1 min for P-selectin, 30 sec 
for FN, and 2 min for mannan. Following UV exposure, the chamber was immersed in a rinse solution, 
and the substrate was separated from the flow chamber device, followed by sonication on ice in the 
rinse solution. The following rinse solutions were utilized: 0.5% (v/v) Tween 20 in PBS buffer for ConA-
biotin and fibronectin,; 0.5 mg/mL sodium dodecyl sulfate (SDS) in Dulbecco’s PBS for mannan,; and 
0.5% (v/v) Tween 20 and 1% (w/v) BSA in Dulbecco’s PBS with Ca2+ and Mg2+ for P-selectin. For 
generation of three-component patterns, irradiation with the first component was performed, then the 
appropriate rinse solution was flowed through the device to remove non-specifically adsorbed 
biomolecules. After flowing through PBS to remove residual rinse solution components, the second 
biomolecule solution was introduced to the substrate, irradiated under the pre-determined conditions, 
followed by flowing through the appropriate rinse solution and PBS, disassembly of the flow chamber 
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device, and subsequent rinse/sonication steps. All substrates were soaked in 1% BSA-PBS solutions until 
further use. 
2.2.5 AFM analysis of surface roughness 
AFM measurements were performed using an MFP-3D microscope (Asylum Research, Santa Barbara, 
CA). Changes in the surface roughness of the substrates after each chemical treatment were monitored 
by obtaining 1 × 1 µm topographic images in AC mode using a silicon probe with <10 nm tip radius and a 
cantilever nominal force constant of 40 N/m (Budget Sensors, Bulgaria). Roughness values were 
calculated from the root mean square of the height amplitudes after the images were corrected for 
sample tilt using the MFP-3D imaging analysis and statistical software.   
2.2.6 TOF-SIMS of substrates 
Substrates with photoimmobilized conA-biotin were analyzed using TOF-SIMS (Physical Electronics PHI 
TRIFT III SIMS, Physical Electronics, Chanhassen, MN) using a gold liquid metal ion cluster source 
operating at 22 KeV Au
+
 source.  The Au
+
 ion beam was rastered across a 2 x 2 mm
2
 area in bunched 
mode. Positive secondary ions (m/z 0-300) were collected with charge compensation.  Mass spectra were 
calibrated using the Na
+
 and H
+
 peaks.  Analysis and image generation were performed with Wincadence 
4.4 software.  
2.2.7 Fluorescence imaging of photoimmobilized biomolecules 
After photopatterning, rinsing, and BSA-blocking, substrates were placed in a solution containing 
fluorescently labeled recognition agents and incubated overnight in the dark at 4 °C. Substrates with 
one-component patterns of ConA-biotin were incubated with a solution of 0.05 μg/mL Alexa Fluor647-
conjugated streptavidin (Invitrogen) in 1% BSA-PBS. For three-component patterned substrates, three 
recognition agent solutions were made separately and then combined immediately before incubating 
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with substrates. These solutions were: 0.1 µg/mL ConA-Alexa Fluor 488 (Invitrogen) in 1% BSA-PBS for 
mannan, a solution of 1 µg/mL anti-P-selectin (R&D Systems) and 0.5 µg/mL Alexa Fluor 647-anti-IgG 
(Invitrogen) in 1% BSA-PBS with Ca2+ and Mg2+ for P-selectin, and a solution of 1 µg/mL biotinylated anti-
FN (Abcam, Cambridge, MA) and 0.5 µg/mL Alexa Fluor 568-streptavidin (Invitrogen) for FN. After 
incubation, substrates were rinsed twice with the appropriate buffer, once with water, and dried under 
a stream of nitrogen. Slides were visualized with a laser scanning confocal microscope (LSM 710, Carl 
Zeiss Microimaging, GmbH, Germany) and the resulting images analyzed with Imaris 7.0 software 
(Bitplane AG, Zurich, Switzerland). 
2.2.8 Quantitative determination of immobilized protein density 
To determine protein loading on BP-modified substrates under various photoimmobilization conditions, 
photopatterned protein substrates were analyzed via a radioimmunoassay, using an [125I]-labeled 
binding partner. In an effort to establish a relationship between the site density from the 
radioimmunoassay and the easier-to-measure fluorescence intensity (F.I.), identical substrates were 
created and analyzed in parallel using both methods, and the resultant data was correlated. A 
rectangular parallel-plate flow chamber was assembled with a BP-modified glass substrate (as described 
above). The assembled device was positioned face-down (allowing for illumination through the back of 
the glass substrate) beneath the UV LED array source, which was configured to an output of power of 44 
mW/cm2. A total of 8 substrates were prepared for each of the following six irradiation time points in 
the presence of ConA-biotin (5 µg/mL): 5, 15, 30, 60, and 120 sec. BP-modified substrates that never 
contacted ConA-biotin were used as controls. Four of the eight replicates at each exposure time were 
analyzed for F.I., as described above. The remaining four replicates were subjected to a 
radioimmunoassay for site density quantitation.  
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[125I]-labeled streptavidin was generated by a standard iodination technique.50 Streptavidin (10 mg/mL, 
Pierce, Rockford, IL) was placed into the bottom of tube pre-coated with Pierce Iodination Reagent 
(Pierce, Rockford, IL) along with 125I (5 µCi/µg, in 10-8 M NaOH, Perkin-Elmer, Waltham, MA), followed by 
incubation at room temperature for 10 min with shaking. The solution was then purified using a Bio-Spin 
6 purification column (Bio-Rad, Hercules, CA). The percentage of excess 125I was determined via thin 
layer chromatography on Whatman filter paper.51 The concentration of material obtained after 
purification was determined using a Bradford assay. Slides presenting ConA-biotin were incubated with 
saturating concentrations of [125I]-labeled SA (0.05 µg/mL) in 1% BSA-PBS for 1 hr, rinsed in PBS, purified 
water, and dried under a stream of nitrogen. Slides were cut into four pieces and each piece placed into 
a scintillation tube with 1 mL of scintillation fluid (ScintiSafe Econo 1, Fisher Scientific, Pittsburgh, PA). 
The radioactivity for all the sample tubes were determined using a scintillation counter (Beckman LS 
6500 Liquid Scintillation Counter, Beckman Coulter, Brea, CA) , in units of counts per min (CPM). The 
number of radioactive molecules bound per area (molecules/µm2) was then determined by comparison 
of the CPM obtained from the slides to a standard curve [125I]-labeled streptavidin standards of known 
concentration. Plots of F.I. vs. exposure time, and CPM vs. exposure time were correlated to establish a 
correlation between F.I. and the density of immobilized biomolecules. 
2.2.9 Cell culture and adhesion experiments 
The HL-60 cell line (Human promyelocytic leukemia, American Type Culture Collection, Manassas, VA) 
was cultured in RPMI 1640 supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL) and 10% 
fetal bovine serum (Cell Media Facility, UIUC). Photopatterned P-selectin substrates were prepared as 
described above. Substrates were rinsed in PBS with 0.2% Pluronic F127 with 1% BSA in PBS, and soaked 
overnight in the same solution. Substrates were rinsed three times in water and placed into a cell 
culture dish (100 mm x 20 mm, Corning, NY). Cells were fluorescently labeled using Alexa Fluor 488 
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carboxylic acid succinimidyl ester (Invitrogen) and seeded onto substrates in PBS at a concentration of 5 
x 106 cells/mL and incubated at 4 oC for 2 hrs. The cell-containing solution was aspirated off and the 
substrates were rinsed in PBS. The resulting patterns of cells were visualized using a fluorescence 
microscope (Leica DM 6000 Upright Microscope, Leica Microsystems, Bannockburn, IL). 
The 3T3 Swiss Albino fibroblast cell line (ATCC, Manassas, VA) was cultured in Dulbecco’s Modified Eagle 
Medium supplemented with penicillin (100 U/mL), streptomycin (100 µg/mL) and 10% fetal calf serum 
(Cell Media Facility, UIUC).  Cultures were maintained at 37 oC in a humidified atmosphere containing 5% 
CO2.  Near confluent cultures were passaged by treatment with a solution of 0.05% Trypsin-EDTA 
(Invitrogen).  Photopatterned FN-PEG substrates were prepared as described above.  Substrates were 
rinsed in PBS with 0.2% Pluronic F-127 with 1% BSA and soaked overnight in the same solution.  
Substrates were rinsed three times in water and placed into a cell culture dish.  Cells were seeded onto 
the substrates in serum-free media at a concentration of 2.5 x 106 cells/ mL and incubated at 37 oC for 
10 minutes.  The cell containing solution was aspirated off and the substrates were rinsed in PBS.  The 
resulting patterns were visualized using an inverted light microscope (Inverotskop 40 C, Carl Zeiss 
Microimaging, GmbH, Germany). 
2.3 Results and Discussion 
2.3.1 Chemical characterization of substrates 
BP-modified substrates were generated as described above. Glass slides were piranha cleaned, silanized, 
and then conjugated with BP through reductive amination. Substrates were characterized at each step 
and prior to biomolecular photoimmobilization. To perform biomolecular photoimmobilization, 
substrates were assembled into a flow chamber and irradiated with UV light in the presence of a 
biomolecular solution to generate patterns or gradients (Scheme 2.1).  
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Water contact angles were measured after each surface modification step to confirm that the 
conjugation chemistry was successful (Table 2.1). Freshly piranha-cleaned substrates were extremely 
hydrophilic, giving an unmeasurable contact angle. Following vapor phase silanization, the water contact 
angle increased to 32.0 (±4.3)°, indicating an increase in hydrophobicity due to the addition of the 
monolayer onto the glass substrate. Subsequent attachment of the BP functionality further increased 
the hydrophobicity of the surface, giving a water contact of 53.4 (±1.1)°. Given the significant changes in 
the relative hydrophobicity measured during each step of this procedure, water contact angle 
measurements were routinely used to verify the successful chemical modification of substrates.  
In order to confirm that the derivatization procedure did not lead to significant changes in substrate 
topography, we monitored the surface roughness following each chemical and biochemical 
functionalization step using atomic force microscopy (Table 1). Through the entire procedure of 
chemical attachment of BP and subsequent photoimmobilization of a representative protein, the root 
mean squared (rms) roughness of the substrates increased slightly, from 352 pm for the clean glass 
surface to 775 pm for the protein-modified substrate, revealing no dramatic changes in surface 
topography (Fig. 2.1).  TOF-SIMs was performed on patterned ConA-biotin substrates to determine the 
presence of protein patterns without the use of a labeling molecule (Streptavidin or antibody).  Protein 
fragments are observed in patterns without the use of a label indicating the presence of protein in the 
photo-exposed areas on the substrate (Fig. 2.2). 
2.3.2 Qualitative and quantitative determination of photoimmobilized biomolecular patterns 
We demonstrated the generation of photopatterned substrates presenting a single protein, ConA-biotin 
(Fig. 2.3a) visualized with its fluorescent binding partner. Exploiting BP and its ability to be re-excited in 
the presence of other biomolecules, we extended this approach to photoimmobilize three unique 
biomolecules: FN, P-selectin and mannan onto the same substrate (Fig. 2.3b). P-selectin and FN are 
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proteins, whereas mannan is a carbohydrate (polymannose); these biomolecules were 
photoimmobilized via sequential exposures and incubated with a solution composed of their respective 
fluorescently labeled binding partners, revealing overlapping patterns of 100 µm stripes with 400 µm 
spacing.  
Determining the site density of ligands as a function of UV exposure time allows substrates to be 
tailored to present specific concentrations of ligands for subsequent applications. Substrates were 
patterned to present uniform ConA-biotin, and the resulting F.I. data were plotted as a function of 
exposure time (Fig. 2.4a). Site density was quantified by incubating substrates with saturating 
concentration of [125I]-labeled streptavidin. Calibration plots were made using known concentrations of 
[125I]-labeled streptavidin (Fig.2.5) and the resulting radioactivity (CPM) for each known concentration of 
[125I]-labeled streptavidin was plotted as CPM vs. number of molecules (Fig. 2.4b). Using the calibration 
plot, and knowing the analysis area, the site density (molecules/µm2) was determined for each exposure 
time. Since fluorescence measurements are considerably more convenient to perform on substrates, as 
opposed to the radioimmunoassay that requires safety precautions, site density was plotted against the 
F.I. for each time point to establish a correlation to convert from fluorescence to loading density (Fig. 
2.6). As expected, increasing the exposure time results in higher densities of immobilized ligands on the 
substrate, with a maximum loading value observed at approximately 200 molecules/µm2. 
2.3.3 Applications of BP photopatterning to non-planar substrates and cell adhesion 
Many applications of biomolecularly functionalized substrates may require immobilization onto non-
planar surfaces. One particular example is in the creation of in vitro models of adhesive 
microenvironments, since the impact of topographical cues can plan an equally important role as 
biochemical cues in influencing cell behavior.52, 53 Since our photochemical patterning scheme does not 
require conformal physical contact with the substrate or precise control over fluid mixing, which would 
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be disturbed by topography, we sought to extend the BP immobilization approach to non-planar 
surfaces. As a test case, we chemically etched a corrugated pattern into glass microscope slides prior to 
BP-functionalization and photopatterning of ConA-biotin (Fig. 2.7). Using a combination of 
photolithography and wet etching, we created glass substrates that had 100 µm wide channels etched 
to a depth of 35 µm, with 400 µm between channels (Fig. 2.7c).  BP conjugation and ConA-biotin 
photopatterning were carried out on the etched substrates in precisely the same manner as planar 
substrates. Imaging with a confocal fluorescence microscope allowed visualization of both the side- (Fig. 
2.7a) and top-view (Fig. 2.7b) of the resulting photopatterned substrate, where the photopatterning was 
carried out with the same photomask used to generate the corrugated substrate, but with a 90° 
rotation. Notably, a line trace of fluorescence intensity as a function of position across the substrate, 
shown in Figure 7d (path of line trace indicated in Fig. 2.7b) indicates that the protein is 
photoimmobilized to a similar extent across the patterned substrate, irrespective of topography. This 
proof-of-principle demonstration of patterning onto non-planar surfaces shows the potential of this 
methodology to incorporate biomolecular species onto topographically complex substrates, a feature 
that will be important in designing experiments to probe the competing or synergistic effects of 
biochemical and mechanical cues on processes such as directed cell migration.54, 55 
Common applications of substrates presenting biomolecules include cell patterning and fundamental 
studies of cell adhesion. It is therefore important to verify that the photoimmobilization process, which 
involves exposure to UV light ( = 350-365 nm), does not physically damage biomolecules to the point 
where they can no longer be recognized by appropriate receptors on the surface of cells. To 
demonstrate the applicability of this spatially controllable attachment methodology, we 
photoimmobilized P-selectin into an array of 500 m squares on a glass microscope slide, followed by 
the seeding of HL-60 promyelocytes across the entire surface. P-selectin is a glycoprotein involved in 
leukocyte tethering on the endothelial lining of blood vessels and HL-60 cells are known to express 
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PSGL-1, a receptor for P-selectin.11 Figure 2.8.a clearly shows specific adhesion of HL-60 cells, which 
were fluorescently labeled for visualization purposes, to the square patterns of P-selectin and not to the 
surrounding background, thereby demonstrating the integrity of the photoimmobilized biomolecule and 
suggesting a general utility of the BP attachment scheme to creating cell-compatible biomaterials 
interfaces. 
To observe adhesion of cells to specific biomolecules of interest, FN was photoimmobilized in 800 µm 
circles onto a BP-PEG substrate.  BP-PEG substrates were used to reduce non-specific protein 
adsorption.  3T3 fibroblast cells will bind through their integrins with the linear RGD sequence in FN.  
Cells were seeded onto BP-PEG-FN substrates and Fig. 2.8.b demonstrates 3T3 cell adhesion onto FN 
circle patterns and not to the surrounding background.  The ability to incorporate PEG molecules into 
our surface chemistry approach reduces non-specific protein adsorption demonstrating the applicability 
of this method for adhesive cell studies. 
2.4 Conclusions 
This work presents a biomolecularly general photopatterning methodology based upon the UV exposure 
of BP-modified substrates in the presence of a solution phase biomolecule. Each step of the surface 
modification procedure was characterized using contact angle goniometry, atomic force microscopy, 
and TOF-SIMs and demonstrates the extension of this methodology for creating an aligned, multi-
component pattern of three different biomolecules, including proteins and a carbohydrate. 
Furthermore, we employ a modified radioimmunoassay technique to establish the quantitative nature 
of biomolecular immobilization, which can be easily controlled via the UV exposure time. We 
demonstrate spatially confined protein attachment onto both planar and non-planar substrates and 
show that photopatterned biomolecules retain their ability to be recognized by native cellular receptors. 
Future efforts will include the incorporation of additional biomolecules for the creation of biochemically 
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complex in vitro models of cellular microenvironments,56 fundamental studies of cell-materials 
interactions in the context of native biomolecular responses, and extension to more complex scaffolds 
for biomedical applications.57-62 
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Figures 
 
Scheme 2.1: Substrate Modification Scheme 
A schematic showing the preparation of benzophenone (BP)-modified substrates and biomolecule 
photoimmobilization. Glass microscope slides are cleaned, silanized, conjugated with BP and irradiated 
with UV light in the presence of solution phase biomolecules, which can be visualized with an 
appropriate fluorescently labeled binding partner. 
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Table 2.1: Surface Modification Characterization  
Surfaces were characterized using contact angle goniometry and AFM to determine hydrophobicity 
changes and roughness. Contact angles were measured after each surface chemistry reaction. Data 
represents the average of n=3 substrates (± standard deviation) from two batches of slides made on the 
same day. AFM was done after each reaction and the RMS roughness was determined. 
  
 
Bare Glass Post-Silanization Post-BP Post-Protein 
Contact Angles 0° 32.0 ± 4.3° 53.4 ± 1.1° 30.2 ± 2.1° 
AFM Roughness (RMS) 352 pm 915 pm 833 pm 775 pm 
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Fig. 2.1 AFM Images  
Representative 1 µm x 1 µm topographic AFM images after each surface chemical modification step.  
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Fig. 2.2 TOF-SIMs Images for Various Protein Fragments 
Protein fragmentation and total ion images from TOF-SIMs experiments.  Presence of protein fragments 
indicates the presence of protein in the stripe pattern (100 µm stripes with 400 µm spacing) whereas at 
28 m/z the inverse pattern is seen indicating the presence of the underlying silicon substrate where 
there was no photoimmobilization of protein. 
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Fig. 2.3 Protein Patterning 
(A) Photoimmobilization of biotinylated ConA in the “Illinois logo”™ pattern visualized with fluorescently 
labeled streptavidin. (B) Three-component pattern of mannan (blue, stripes running from top right to 
bottom left), P-selectin (red, stripes running from top right to bottom left), and fibronectin (green, 
vertical stripes) photoimmobilized sequentially with a 100 µm stripe pattern with 400 µm spacing, with 
mask rotation between exposures. 
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Fig. 2.4 Protein Loading Per Time 
Protein loading is positively correlated with UV exposure time. Biotinylated ConA (5 µg/mL) was 
photopatterned homogeneously onto BP-modified substrates for a pre-determined amount of time (5, 
15, 30, 60, and 120 sec). The signal from subsequent fluorescence analysis (A) and radioimmunoassay 
(B) show the increase of signal as a function of UV exposure time. Control substrates were employed to 
account for non-specific binding of antibodies. Data represents the average of n = 4 (± 95% C.I.). 
 36 
 
 
 
 
Fig. 2.5 Calibration Curve 
Data from radioimmunoassay standard curve using spotted [125I]-streptavidin.  Known concentration of 
[125I]-streptavidin were analyzed to determine the total number of counts for each concentration.  This 
information was then used to determine the total number of immobilized [125I]-streptavidin molecules 
on our prepared substrates.  
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Fig. 2.6 Fluorescence Intensity Correlation 
Correlation between fluorescence intensity and surface immobilization density. Results from the ConA-
biotin radioimmunoassay (Fig. 4) were converted to site density using the linear regression from a 
standard curve generated from known amounts of [125I]-labeled Streptavidin (see S.I.). Plotting 
fluorescence intensity (F.I.) as a function of ConA-biotin site density allows data from future 
fluorescence analyses to be converted to immobilized protein site density. 
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Fig. 2.7 Corrugated Substrates  
Substrates were etched to generate channels 100 µm wide and 35 µm deep (A and B).  Post etching 
substrates were conjugated with benzophenone.  ConA-biotin was photoimmobilized using the same 
photomask used for etching rotated 90o. Substrates were imaged using a confocal microscope, 
demonstrating that biomolecules are photopatterned to similar extents regardless of topography (C and 
D). 
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Fig. 2.8 Cell Adhesion 
(A) HL-60 promyelocytes were seeded onto substrates presenting photopatterned P-selectin. Cells were 
found to adhere selectively to 500 m squares of photoimmobilized P-selectin, as visualized by 
fluorescent cell labeling and fluorescence microscopy. Scale bars, 500 m. (B) Mouse 3T3 fibroblast cells 
were seeded onto BP-PEG substrates with photoimmobilized FN in 800 µm circles.  Cells adhered 
selectively to the patterned area. 
 
 
 
  
(a) (b) 
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Chapter 3- Biophotolithographic method for generating biomolecular patterns in highly porous 
collagen-GAG scaffolds 
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3.1 Introduction 
The extracellular matrix (ECM) is a complex organization of structural proteins such as collagens and 
proteoglycans found within tissues and organs. The ECM plays a significant role in defining the overall 
mechanics of a tissue, is responsible for conducting mechanical stimuli from the organ-scale to 
individual cells, can influence cell behavior through integrin-ligand complexes, and can influence 
diffusion of soluble regulators (i.e., cytokines, growth factors, hormones, other paracrine and endocrine 
signals) through its fibrillar network. With the understanding that cells natively exist within a complex 
three-dimensional structure, a wide variety of tissue engineering scaffolds have been created for a 
multitude of fundamental biological and biomedical applications. Scaffold microstructure (porosity, 
mean pore size, pore shape, interconnectivity, specific surface area) and mechanical properties (Young’s 
modulus) have been shown to significantly influence cell behaviors such as adhesion, growth, and 
differentiation. Scaffold microstructure and stiffness have also been shown to affect the bioactivity of 
scaffolds used for in vivo tissue regeneration applications.1-16  
Heterogeneous tissues with spatially and temporally modulated properties play an important role in 
organism physiology where their complex properties are essential for proper function.17 For example, 
the graded interfaces found between bone and tendon or ligament in the musculoskeletal system 
contain complex compositional, microstructural, and mechanical patterns, which allow transmission of 
mechanical loads without high failure rates by minimizing stress at the interface.18-26 Proximal-distal 
concentration gradients of growth factors in injured peripheral nerves are known to significantly impact 
regenerative capacity.27-29 Functional organization of the adult central nervous system is coordinated by 
spatially-patterned neuronal cell populations along the spinal cord.30 Precise cell patterns within C. 
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elegans have also been quantified in the context of developmental biology investigations.31-33 With the 
understanding that the ECM is both dynamic and that it typically is spatially patterned or heterogeneous 
in microstructure, mechanics, and composition over the length-scale of traditional biomaterials, there 
has recently been a significant effort in the fields of tissue engineering and regenerative medicine aimed 
at moving away from static, monolithic biomaterials and towards the development of instructive 
biomaterials with tailored chemical, microstructural, and mechanical properties that provide specialized 
cell behavioral cues in a spatially and temporally defined manner.34-36 These materials aim to 
recapitulate aspects of the dynamic and spatially heterogeneous constellation of cues presented by the 
ECM that can individually and synergistically influence cell behavior. The majority of this effort has been 
applied towards the development of patterned two-dimensional substrates as well as 3D hydrogel 
constructs. Examples of 2D patterns include multidirectional surface gradients to study cell motility 
patterns  and multi-component biomolecular patterns to examine cell activity.37-40 Gradient makers have 
been used in conjunction with pHEMA hydrogel systems to create regio-specific concentrations of 
neurite growth factor in order to guide outgrowth from axons in 3D.28, 41 Recently, Anseth et al. have 
demonstrated a number of novel technologies to create, modify, and/or remove microenvironmental 
patterns in PEG-based hydrogels.42-45 
While hydrogels have been successfully used for a range of tissue engineering applications, similar 
methods for achieving biomolecular patterning have yet to be achieved for scaffold-based biomaterials. 
Scaffolds offer advantages in the form of independent modulation of scaffold microstructural, 
mechanical, and compositional properties. Their open-cell nature also enables improved speed of cell 
infiltration and metabolite diffusion compared to hydrogels. Collagen-glycosaminoglycan (CG) scaffolds 
have long been utilized as ECM analogs for the regeneration of skin and are currently being considered 
for the regeneration of nerve, conjunctiva, as well as cartilage and osteochondral tissues.6, 46-52 Recently 
a series of CG scaffolds with uniform pore microstructures have been developed with a range of sizes of 
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equiaxed pores to study the effect of scaffold microenvironment on cell behaviors such as attachment, 
migration, and contraction. Experimental characterization and theoretical modeling techniques have 
been used to describe the pore microstructure, specific surface area, tensile and compressive 
mechanical properties, cell attachment, and permeability of these variants.2, 53-57 Growth factors, 
plasmids, and genes have been immobilized in collagen-based scaffolds using crosslinking techniques, 
but these methods do not offer the capability to spatially modulate biomolecule distribution within a 
single construct.48, 58, 59 While soluble and insoluble presentation of biomolecular factors have both been 
studied in the context of biomaterials for tissue engineering applications, here we concentrate on 
methods to create spatial patterns of surface-immobilized biomolecules. Adhesion ligands, growth 
factors, and other biomolecules are typically sequestered, as opposed to freely soluble, within the ECM 
And biomolecule immobilization has further been shown to induce increased bioactivity relative to bolus 
or even controlled delivery of soluble growth factors.58, 60, 61 Explanations for these observation include 
extended half-life (> 1 hr) in vivo, elimination of diffusive dilution (especially within larger constructs), 
and an avoidance of cellular uptake that limits long-term bioactivity.58, 62  
Given the importance of immobilized gradients in defining in vivo biological interfaces, the development 
of molecularly general approaches to spatially controlling the presentation of multiple biomolecules 
within porous scaffolds is an important goal for creating advanced models of cellular 
microenvironments. Spatial patterning of biomolecules onto solid surfaces has been achieved by a 
number of techniques including microcontact printing and chemical attachment schemes in which 
biomolecules are directed to specific locations on the surface via microfluidic architectures.63-68 These 
techniques work by spatially defining regions at which biomolecules can be attached to the surface. In 
contrast, this level of spatial confinement would be impossible to achieve within a three-dimensional 
network such as that found in porous scaffolds. Recently, we reported a direct, biophotolithographic 
method of covalently attaching biomolecules onto surfaces in which substrates are uniformly immersed 
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in the biomolecule of interest, and immobilization is controlled solely by the presence (or absence) of 
incident light.40 Since the spatial confinement of light is the only requirement for successful 
biomolecular patterning, we reasoned that this technique could be extended to porous, 3D scaffolds. 
This biophotolithographic method takes advantage of the photochemistry of surface-attached 
benzophenone (BP). BP can be excited by UV light ( ≈ 350-365 nm) forming a diradical that has a 
lifetime of ~180 s.69 While in the excited state, BP can react with a nearby C-H bond from an adjacent 
biomolecule, forming a new C-C covalent bond. When BP is attached to a surface, the new C-C bond 
represents a covalent tether between the biomolecule and the substrate. Importantly, if BP does not 
react with a nearby molecule within the excited state lifetime, it relaxes back to the ground state from 
which it could be re-excited with subsequent optical pumping. Since the attachment occurs only where 
light is incident, geometric patterns and gradient of biomolecules can be generated on surfaces by 
simply controlling the spatial exposure of light across the substrate, as shown in Figure 3. 1.  
This work describes the extension of this biophotolithographic approach on glass to the spatial 
patterning of biomolecules within the 3D CG scaffolds. While CG scaffold microstructural, mechanical, 
and bulk compositional properties, as well as monolithic immobilization of growth factors, plasmid, and 
gene delivery vectors, have been shown to affect scaffold bioactivity2, 56, 70, spatial patterning of key 
biomolecular regulators within the scaffold structure has not previously been achieved.2, 56, 70 Here we 
determine the effects of this BP-based biophotolithographic patterning method on the microstructural 
and mechanical properties as well as the native bioactivity of a CG scaffold variant. We then show that 
specific patterning of the adhesion ligand fibronectin to the CG scaffold increases early MC3T3-E1 
osteoblast cell attachment relative to the native scaffold or a CG scaffold with non-specifically adsorbed 
fibronectin. Our findings, on the whole, establish the use of BP biophotolithography as a novel 
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methodology for generating scaffolds with spatially patterned biomolecules that can improve construct 
bioactivity. 
 
3.2 Experimental 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 
3.2.1 CG scaffold fabrication 
CG scaffolds were fabricated via freeze-drying from a suspension of type I microfibrillar collagen from 
bovine dermis (Devro Inc., Columbia, SC) and chondroitin sulfate derived from shark in 0.05 M acetic 
acid.71 This process has been previously optimized to produce a range of CG scaffold variants with a 
uniform pore microstructure with regular, polyhedral pores.2, 53, 56, 57, 72 Briefly, a degassed CG suspension 
was added to an aluminum mold and placed in a freeze dryer (VirTis Genesis, Gardiner, NY) at room 
temperature. The suspension was cooled at a constant rate (0.9oC/min) to -4°C and held there for 2 hrs 
to allow the suspension temperature to equilibrate; the suspension was then further cooled to a final 
freezing temperature of -40°C at 0.9oC/min, resulting in a continuous, interpenetrating network of ice 
crystals surrounded by the CG co-precipitate. Ice crystals were removed via sublimation under vacuum 
(200 mTorr) to produce a highly porous CG scaffold structure that is defined by individual fibers of CG 
content, termed struts.57 Scaffolds were dehydrothermally crosslinked and sterilized at 105°C for 24 hrs 
under vacuum (< 25 Torr) in a vacuum oven (Welch Vacuum Technology, Niles, IL) prior to use.46 
3.2.2 Chemical attachment of BP to CG scaffolds 
A 20 mM solution of benzophenone-4-isothiocyanate (made via an established method) was made in 
dimethyl formamide (DMF), containing 0.5 M N,N-diisopropylethylamine.73 As prepared CG scaffolds 
were added to the solution and allowed to react at room temperature in the dark for 48 hrs. Scaffolds 
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were thoroughly rinsed three times in DMF, 200 proof ethanol, and then water (ELGA LabWater 
Reservoir, Veolia Water Systems, Buckinghamshire, UK) each for 1 hr and stored under water and in the 
dark. 
3.2.3 Photoattachment of biomolecules onto BP-presenting CG scaffolds 
Biotinylated concanavalin A (ConA-biotin) was purchased from Vector Laboratories (Burlingame, CA), 
fibronectin (FN) was purchased from Invitrogen (Carlsbad, CA) and N-Cadherin (NC) was purchased from 
R&D Systems (Minneapolis, MN). Stock solutions of biomolecules were prepared by resuspending 
lyophilized protein in the manufacturer’s recommended buffer solutions to a concentration of 1 mg/mL. 
For ConA-biotin and FN, the buffer was phosphate buffered saline, pH=7.4 (PBS) and PBS containing Ca2+ 
and Mg2+ was used for NC. The solutions were aliquotted and stored at -20 oC. Immediately prior to use, 
the stock solutions were diluted in the respective buffers to yield the empirically determined final 
solution concentrations of 5 μg/mL or 100 μg/mL FN.  
BP-modified Scaffolds were placed onto a microscope slide, and surrounded by a rubber o-ring. A 20 μL 
aliquot of protein solution was added to the top of the scaffolds and the chamber assembled by placing 
a glass coverslip on top. Scaffolds were soaked in protein solutions for 1 hr at room temperature prior to 
photoimmobilization. 
Exposure of the scaffolds was performed with an argon ion laser (Coherent Innova 90-4, Laser 
Innovations, Santa Paula, CA) with UV optics providing illumination at 351.1-363.8 nm. The Gaussian 
beam profile was shaped and expanded to give a uniform illumination of the scaffold using a -shaper 
(Molecular Technologies, Berlin, Germany) and beam expanding optics. The uniformity of illumination 
was ensured using beam profiler (Ophir-Spiricon, Logan, UT). The laser was adjusted to give a power of 
20 mW/cm2 at the illumination scaffold surface. For biomolecular patterning, a chromium-coated quartz 
mask was placed metal side down onto the chamber housing the CG scaffold and the substrate 
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irradiated for set times varying from 30 sec to 5 min. Bulk exposure was achieved in the same way 
except without the photomask. Following irradiation, the scaffolds were immersed in a solution 
containing 0.2% pluronic F-127 in PBS for 1 hr. For 2-component patterning, scaffolds were subsequently 
incubated for 1 hr in PBS and then 1 hr in the appropriate secondary component protein solution and 
the patterned as described above. After immobilization, scaffolds for structural characterization and cell 
experiments were stored in PBS. Scaffolds for microscopic visualization of biomolecular patterns were 
incubated in 1% (w:v) bovine serum albumin in PBS. 
3.2.4 Fluorescent visualization of biomolecular patterns 
Biomolecularly patterned scaffolds were removed from the storage buffer and placed in a solution 
containing a fluorescently-labeled binding partner for at least 1 hr. Patterned ConA-biotin was visualized 
after incubation with a solution of 5 μM Qdot 525 conjugated streptavidin (Invitrogen, Carlsbad, CA) in 
1% BSA-PBS. NC patterns were visualized with a pre-mixed cocktail of sheep anti-human NC (1 μg/mL, 
R&D Systems, Minneapolis, MN) and Alexa Fluor 647-conjugated donkey anti-sheep IgG (0.5 μg/mL, 
Invitrogen, Carlsbad, CA) in 1% BSA-PBS with Ca2+ and Mg2+. FN patterns were visualized with a pre-
mixed cocktail of biotinylated rabbit anti-human FN (1 μg/mL, AbCam, Cambridge, MA) and Alexa Fluor 
568-conjugated streptavidin (0.5 μg/mL, Invitrogen, Carlsbad, CA) in 1% BSA-PBS with Ca2+ and Mg2+. 
Two-component patterns were simultaneously stained for both protein components. After staining, 
scaffolds were rinsed in PBS prior to imaging on a LSM 710 confocal microscope (Carl Zeiss 
Microimaging, GmbH, Germany). Image analysis was performed using Imaris 7.0 (Bitplane AG, Zurich, 
Switzerland) to render 3-D fluorescent images. 
3.2.5 Determination of photoimmobilized ligand density 
The amount of biomolecule photochemically attached to the scaffold was determined using a modified 
radioimmunoassay. Streptavidin was radiolabeled with [I125] using Pierce iodination tubes (Pierce, 
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Rockford, IL), and purified using spin filter columns (Biorad, Hercules, CA). The percentage of free [I125] 
present in the sample was determined to be less than 3% and the concentration of protein in the sample 
was determined using a Bradford assay.74 Separately, a ConA-biotin-containing solution was introduced 
to the scaffolds before exposure (bulk, no patterning) for varying amounts of time. The modified 
scaffolds were then incubated with an excess of [I125]-streptavidin for 1 hr before unattached 
streptavidin was removed by soaking in PBS for 1 hr. The scaffold was then covered with scintillation 
fluid (ScintiSafe Econo 1, Fisher Scientific, Pittsburgh, PA) and the total radioactive counts per minute 
were measured from the scaffold using a Beckman LS 6500 liquid scintillation counter (Beckman Coulter, 
Brea, CA). This value was then converted to the number of streptavidin molecules on the scaffold via the 
specific activity and the amount of bound ConA-biotin determined by assuming a 1:1 binding 
relationship.  
The number of immobilized proteins was converted to a ligand density by dividing the number of 
conjugated molecules by the scaffold surface area as determined by cellular solids modeling. Cellular 
solids modeling has been a useful tool for the microstructural characterization of low density, open cell 
foams such as CG scaffolds.75 The specific surface area (SA/V) of the scaffold was calculated as a function 
of pore diameter (d) and the relative density (ratio of the scaffold density to the density of the solid 
material it is composed from: ρ*/ρs):
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3.2.6 Microstructural, mechanical, and compositional analysis 
3.2.6.1 Scaffold pore size and shape  
Mean pore sizes and aspect ratios were calculated for CG and CG–BP scaffold variants to determine the 
effect of BP functionalization on CG scaffold microstructure. The size and shape of CG scaffold variants 
were determined via a previously described stereology approach.2, 57 Briefly, full thickness, 8 mm 
diameter samples were removed from the CG scaffolds with a biopsy punch (Miltex) and embedded in 
glycolmethacrylate. Longitudinal and transverse scaffold sections (5 μm thick) were cut on a microtome 
and stained with aniline blue to allow visualization of the CG strut network. Images were acquired from 
these specimens at 10x magnification on an optical microscope (Leica Microsystems, Germany) and 
analyzed using a linear intercept macro in Scion Image to determine both the mean pore size and the 
pore aspect ratio from a best fit ellipse representation of the average pore in each image.  
3.2.6.2 Scaffold mechanical properties 
Tensile tests were performed on hydrated, CG and CG-BP scaffolds in order to determine the effect of 
BP functionalization on scaffold mechanical properties. Tests were performed on rectangular scaffold 
samples (8 mm x 25 mm x 3.5 mm thick); scaffolds were hydrated in 1x PBS for 24 hrs, then tested in 
tension with an MTS Instron 2 (Eden Prairie, MN) using rubberized grips to prevent sample slip. Scaffolds 
were pulled to failure at a rate of 1 mm/min; scaffold tensile elastic modulus (Es, tension) was calculated 
from the slope of the stress-strain curve over a strain range of 5-10%.75 
3.2.6.3 Scaffold composition 
X-ray diffraction (XRD) analyses were used to determine whether any significant changes in CG 
crystallinity occurred with BP-functionalization; XRD has previously been used to quantify CG scaffold 
composition following integration of variable levels of mineral content (0–80wt%).50 XRD analyses were 
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performed using a Cu Kα radiation source with a Rigaku D-Max diffractometer. Diffraction patterns for 
CG, CG-BP, and CG-BP-FN scaffolds were acquired using a step size of 0.028° 2θ and a dwell time of 10 s. 
3.2.7 Cell culture and scaffold seeding 
MC3T3-E1 mouse clonal osteogenic cells were cultured in standard culture flasks in α-MEM 
supplemented with 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin. Cells were 
fed every 3 days and cultured to confluence at 37°C and 5% CO2. Prior to each experiment, full-thickness 
(3.5 mm thick), 6 mm diameter CG scaffold samples were cut with a biopsy punch (Miltex) and then 
hydrated (>1 hr) in culture media. MC3T3-E1 cells were then trypsinized and resuspended at a 
concentration of 3x105 cells per 20 μL media or 1x PBS. 1.5x105 cells in 10 μL media were seeded onto 
each side of the hydrated scaffold disks in a previously described manner to a final concentration of 
3x105 cells per scaffold. Cell-seeded scaffolds were then incubated in ultra-low attachment 6-well plates 
(Corning Life Sciences, Lowell, MA) at 37°C and 5% CO2 for the duration of all experiments.
53 For longer 
(>30 min. attachment) experiments, 4 mL of supplemented α-MEM was added to each well and changed 
every 3 days. 
3.2.8 Quantifying cell attachment 
A previously developed cell attachment assay was used to determine the total number of cells attached 
to the scaffold. At each time point, scaffolds were first washed in 1x PBS to remove any unattached cells 
and then placed in a papain solution to digest the scaffold and lyse the cells to liberate their DNA. A 
Hoechst 33258 dye (Invitrogen, Carlsbad, CA) was used to fluorescently label double-stranded DNA and 
fluorescence levels from each sample were read using a fluorescence spectrophotometer (Varian, Santa 
Clara, CA): 352 nm excitation, 461 nm emission. Experimental readings were then compared to a 
standard curve created by measuring the fluorescence levels for a range of known cell numbers to 
determine cell attachment at each time point as a percentage of the total number of seeded cells.76  
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3.2.9 Characterizing cell bioactivity 
A non-destructive alamarBlue approach was used to compare the metabolic activity of the cells in each 
cell-seeded scaffold over time. Healthy cells continuously reduce resazurin, the active ingredient in 
alamarBlue, to the highly fluorescent compound resorufin; consistent exposure times enable 
comparison of the gross metabolic activity in each cell-seeded construct. Cell-seeded scaffolds were 
incubated at 37°C in alamarBlue (Invitrogen, Carlsbad, CA) solution with gentle shaking for 120 
minutes.77 Resorufin fluorescence was read at 570 nm excitation and 585 nm emission using a 
fluorescent spectrophotometer. A standard curve was created by measuring the metabolic activity of a 
range of known cell numbers. Scaffold fluorescence readings were interpolated on this curve to express 
results as a percentage of the total number of seeded cells.  
3.2.10 Statistical analysis 
One-way analysis of variance (ANOVA) was performed on cell bioactivity, cell number, and mechanical 
data sets respectively followed by Tukey-HSD post-hoc tests. Paired student t-tests were used to 
compare CG and CG-BP scaffold pore size and shape. Significance was set at p < 0.05. At least n = 6 
scaffolds were analyzed at each time point for cell bioactivity while n = 6 scaffolds were digested and 
assayed at each time point for cell number. Each group for mechanical tests contained n = 6 scaffolds. 
Pore size and shape analysis was performed on transverse (n = 3) and longitudinal (n = 3) scaffold 
sections from each scaffold variant (36 – 54 discrete cross-sectional histology images). Error is reported 
as the standard error of the mean unless otherwise noted. 
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3.3 Results and Discussion 
3.3.1 Visualization of biomolecularly patterned CG scaffolds 
This study describes the development and application of a biophotolithographic method for covalently 
attaching multiple biomolecules onto CG scaffolds with spatial control over the immobilization. 
Validation of this patterning scheme was confirmed by fluorescence microscopy. Stripes of 
photoimmobilized ConA-biotin were incubated with fluorescent streptavidin. The microscope image in 
Figure 3.2a clearly shows the successful attachment of this biomolecule, as represented by bright red 
stripes. Conversely, areas in between the stripes, in which light was blocked by the photomask are not 
fluorescent, since the BP molecules were not excited and thus did not conjugate ConA-biotin. The 
technique was also successfully used to create a non-geometric pattern by attaching ConA-biotin in the 
script “I” logo ™, as shown in Figure 3.2b. Again, a clear contrast between areas exposed to light define 
the pattern while fluorescence is not observed from the areas blocked during illumination. By taking 
advantage of the depth profiling capability of confocal microscopy it was determined that patterns 
extended approximately 300 μm into the scaffold (data not shown). Although the high porosity of the 
CG scaffold does allow for reasonable patterning depths, the scatter of photons at this wavelength 
currently limits the depth to which patterning can be achieved. Furthermore, this scatter also slightly 
diminishes the patterning resolution. We are currently exploring two photon patterning schemes which 
may improve on both of these accounts since longer wavelengths are scattered to a lesser degree. 
Sequential exposures of BP-presenting scaffolds in the presence of different biomolecules allow for the 
construction of mulitcomponent patterns. Figure 3.2c shows an example of a CG-scaffold patterned with 
vertical 100 m stripes of FN and horizontal 100 m stripes of NC. Notably, both FN and NC are co-
immobilized at the intersections of the two stripe patterns, highlighting an interesting property of BP-
photoattachment strategy as opposed to other schemes that rely upon deprotection or unmasking of 
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reactive groups.78-80 The diradical formed upon exposure to UV light has a finite lifetime of 
approximately 180 sec after which it relaxes back to the ground state. Therefore if an excited BP fails 
to react with a solution phase biomolecule during the exposure period, it can be re-exposed in the 
presence of a second biomolecule, which allows for the creation of overlapping patterns. The relative 
yield of these photoreactions can be controlled by exposure intensity and time, as well as the solution-
phase biomolecule concentration, since the number of molecules in solution dictates the probability of 
interaction while the BP is in the excited state.40 The conditions used for two component patterning 
were controlled so that the first component exposure did not saturate the scaffold, facilitating the 
construction of overlapping patterns. Importantly, the ability to control the presented concentration of 
multiple biomolecules at a single spatial location will be of tremendous utility in downstream 
applications. The selection of FN and NC for two-component patterning was strategic in that both 
proteins are implicated in the proliferation and maintenance of the MC3T3 osteoblast-like cells used in 
this study.81-83 While beyond the scope of this initial manuscript, two-component patterns of these two 
biomolecules could prove particularly useful in the engineering of tissue interfaces (e.g. cartilage-bone 
(osteochondral), ligament-bone, and tendon-bone) where the sub-millimeter gradients of chemical and 
mechanical properties found in vivo are difficult to recapitulate in synthetic model systems.84, 85 
3.3.2 Determining the amount of biomolecular immobilization 
Using cellular solids, low density, open foam modeling and a modified radioimmunoassay, the density of 
a representative biomolecule, ConA-biotin, bound to the CG scaffolds was determined to be 
approximately 1000 molecules/μm2 for maximum loading conditions.  
3.3.3 Scaffold microstructural analysis 
CG and CG-BP scaffolds were determined to have mean pore sizes of 86.6 ± 9.8 μm and 77.1 ± 9.7 μm 
(mean ± standard deviation) as well as mean pore aspect ratios of 1.05 ± 0.03 and 1.06 ± 0.03, 
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respectively. No significant difference was observed in scaffold mean pore size (p = 0.13) or aspect ratio 
(p = 0.32) for CG versus CG-BP scaffolds. No significant difference was observed in scaffold pore size in 
the longitudinal versus transverse planes, (p = 0.14, 0.66 respectively). Pore diameters and aspect ratios 
were similar to previously characterized CG scaffolds fabricated using similar freezing conditions.2  
3.3.4 Mechanics of CG, CG-DMF, and CG-BP scaffolds 
Quantitative analysis of scaffold microstructural, mechanical, and chemical composition revealed that 
the processing steps required for BP conjugation to the CG scaffold induced some quantifiable changes 
in scaffold properties, but not in a manner that would suggest a negative biological response. The DMF 
treatment stage of the BP functionalization process was observed to significantly increase scaffold 
tensile modulus (p = 0.0005, Figure 3.3). The tensile modulus of CG scaffolds alone (54.7 ± 12.5 kPa; 
mean ± standard deviation) was significantly lower than that of the CG-DMF (87.6 ± 18.4 kPa) and CG-BP 
(102.8 ± 17.6 kPa) variants; no significant difference was observed between the tensile modulus of the 
CG-DMF and CG-BP scaffolds (p = 0.16). Scaffold microstructure (pore size, pore aspect ratio), a key 
parameter in determining overall scaffold bioactivity, was not influenced by BP conjugation. Exposure of 
the CG scaffold to the DMF buffer required to mediate BP conjugation to the CG scaffold likely increased 
the crosslinking density of the CG scaffold, as reflected by the increase in scaffold tensile modulus 
(Figure 3.3). 
3.3.5 Scaffold compositional analysis 
Figure 3.4 shows characteristic XRD patterns for the CG, CG-BP, and CG-BP-FN scaffolds. All three 
variants display a broad peak at 2θ = 20o representing the characteristic interchain spacing of the 
collagen triple helix.86 No sign of collagen denaturation (loss of the broad collagen peak) was observed 
for any of the samples; the increase in peak height for the CG-BP and CG-BP-FN variants is indicative of 
increased crystallinity of the samples relative to the original CG scaffold due to increased crosslinking 
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with DMF treatment, consistent with the observed increase in scaffold tensile modulus. These results 
suggest that the DMF buffer additionally crosslinks the CG scaffold, imparting improved mechanical 
properties, but does not fundamentally alter scaffold microstructural or compositional properties. These 
results also suggest that BP conjugation and biomolecular functionalization do not alter scaffold 
properties. While other groups have also used DMF-based solutions during fabrication of collagen-based 
biomaterials and demonstrated subsequent bioactivity after DMF treatment, ongoing work will include 
an alternative BP conjugation step that altogether avoids organic solvents.87 By understanding the 
effects of DMF on the base scaffold properties, we are able to assess the ability of photolithographically 
immobilized biomolecules to influence cell bioactivity within the 3D CG scaffolds, and in the future will 
allow for comparative experiments to adjust the crosslinking of CG scaffolds to mimic the crosslinking 
effect of CG-BP scaffold variants.54 
3.3.6 MC3T3-E1 viability in CG-BP scaffolds 
After demonstrating that CG scaffolds could be patterned using BP biophotolithography methods 
without significant deterioration of physical properties, we examined the affect of BP conjugation to CG 
scaffolds on the overall material bioactivity. We were particularly concerned with the cytotoxicity of 
DMF and BP chemistries, but found no decrease in MC3T3-E1 pre-osteoblast number or metabolic 
activity. The long term viability of MC3T3-E1 cells on CG, CG-DMF, and CG-BP scaffolds was determined 
for up to 7 days of in vitro culture in complete α-MEM media. One-way ANOVA indicates significant 
differences in cell metabolic activity at both day 2 and day 7 between the three groups (p < 0.0001) with 
the CG-BP group showing significantly higher bioactivity at both time points compared to the CG group 
(day 2: p = 0.0002, day 7: p < 0.0001). While there are no significant differences in total number of 
attached cells at day 2 (p = 0.44), the CG-BP group showed significantly higher cell attachment at day 7 
(p = 0.04) (Figure 3.5). These data indicate that BP conjugation and the organic solvents used in this 
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process do not adversely influence cell attachment, bioactivity, and proliferative potential. The observed 
increase in MC3T3 number and bioactivity for CG-BP scaffolds relative to CG control is in fact likely due 
to differences in scaffold modulus. 
3.3.7 MC3T3-E1 attachment and bioactivity in CG-BP-FN scaffolds 
We then examined the ability of BP-biophotolithography to specifically alter a cellular response within 
the CG scaffold. Previous studies have shown that CG scaffold microstructure plays a significant role in 
influencing cell attachment  and that cell attachment to the scaffold is mediated by sequential utilization 
of vitronectin, fibronectin and collagen binding motifs; however the fibronectin binding motif was 
specifically implicated in mediating the initial cell attachment events to the scaffold within the first 2 
hours after cell-seeding.2, 56, 88, 89 Here we examined the cell attachment percentage 30 min after seeding 
the MC3T3-E1 cells onto untreated CG scaffolds and BP-conjugated CG scaffolds where we covalently 
immobilized fibronectin via BP-biophotolithography to the entire scaffold (CG-BP-FN). As an additional 
control, we also tested CG scaffolds that were soaked in a fibronectin solution (CG-FN) and then washed 
in PBS, where passive FN physisorption was the only mechanism for surface patterning. The cell 
attachment study was performed in PBS rather than media to prevent nonspecific adsorption of 
additional proteins from the media that could alter cell adhesion profiles. No significant difference in cell 
attachment was observed for the CG versus FN-physisorbed CG scaffold, while a greater than two-fold (p 
< 0.0001) increase in MC3T3-E1 cell attachment was observed for the CG-BP-FN scaffold versus the CG 
or CG-FN scaffolds (Figure 6). These data demonstrate that BP-biophotolithography can be used to 
immobilize biomolecules to CG scaffolds in order to elicit a specific biological response. These results 
also demonstrate the advantage of covalent immobilization (CG-BP-FN) rather than physical adsorption 
(CG-FN) of fibronectin to mediate initial cell attachment events within 3D biomaterials.  
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3.4 Conclusions 
BP-biophotolithography has previously been used to spatially pattern a range of biomolecules on 2D, 
planar surfaces. Here we show that BP-biophotolithography can be applied to the CG scaffold system to 
create a range of biomolecular patterns, that BP conjugation increased scaffold crosslinking but did not 
change scaffold microstructure or composition in a way that negatively affects cell viability, and that BP-
biophotolithography can be used to improve cell bioactivity by covalent immobilization of an adhesive 
factor. Ongoing work is using multiple (stripes and gradients) orthogonal patterns of fibronectin and N-
cadherin in order to further probe the capacity for BP-biophotolithography to alter cellular activity. 
These proteins are differentially implicated in the proliferation and maintenance of the MC3T3-E1 cells 
used in this study, and thus generating multiple orthogonal patterns of both proteins will provide a 
toolset to explore their separate and linked regulation of MC3T3 cell attachment and proliferation.81-83 
This technology could prove especially useful in the engineering of orthopedic tissue interfaces, such as 
cartilage-bone (osteochondral), ligament-bone, and tendon-bone.51 These tissue interfaces natively have 
gradients of chemical and mechanical properties on sub-millimeter length scales that are difficult to 
reproduce with current biomaterials strategies. Approaches to treat injuries at these interfaces often fail 
to effectively mimic the heterogeneity of native interfaces, resulting in high failure rates.84, 85 Currently, 
we are using BP-biophotolithography to explore the use of exogenous growth factors to differentially 
regulate cell behavior (cell infiltration, matrix synthesis) in CG scaffolds for tendon and tendon-bone 
insertion tissue engineering applications. While such factors are often presented in a soluble phase for 
tissue engineering applications, within the native ECM these biomolecules are typically sequestered 
rather than freely soluble.60 Factor immobilization therefore provides a mechanism to elicit specific 
biological responses in many tissue engineering applications, and has been shown to increase the 
effectiveness of some biomolecules when applied in a uniform manner throughout the biomaterial.90 We 
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are also utilizing BP-biophotolithography to create factor gradients to determine bioactive concentrations 
of matrix-bound biomolecules and then utilize spatial control over biomolecule presentation to improve 
scaffold bioactivity. Future work will focus on generating multi-component patterns and gradients to 
investigate cell adhesion, migration, proliferation, differentiation, gene expression, and ECM 
biosynthesis in both single and multi-compartment CG scaffolds. 
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Figures 
 
Fig. 3.1 BP Conjugation and Biomolecular Conjugation  
A) BP-isothiocyanate is conjugated through free amino-groups on the collagen-GAG scaffold.  B) 
Scaffolds ore immersed in a biomolecular solution of interest and exposed to UV light.  Covalent 
immobilization of biomolecules is dependent on the incidence of light. 
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Fig. 3.2 Photoimmobilization of Biomolecules 
 A) Photoimmobilized conA-biotin in 100 m stripes with 400 m spacing, visualized with Qdot525-
streptavidin.  B) Photoimmobilized conA-biotin in the “Script I” logo of the University of Illinois at 
Urbana-Champaign™ to demonstrate patterns of different shapes. C) Overlapping patterns of 100 m 
stripes with 400 m spacing of N-cadherin (horizontal, red) and fibronectin (vertical, green).   
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Fig. 3.3 Tensile Strength and Stress Strain Curves  
A) Mechanical testing of CG, CG-DMF, and CG-BP scaffolds shows that DMF treatment significantly 
increases tensile elastic modulus. B) Stress-strain curves for CG, CG-DMF, and CG-BP scaffolds. 
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Fig. 3.4 Crystallinity of Modified Scaffolds 
 XRD of CG, CG-DMF, CG-BP, and CG-BP-FN scaffold variants. All four scaffolds display a broad peak at 2θ 
= 20o representing the characteristic interchain spacing of the collagen triple helix. 
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Fig. 3.5 Activity and Cell Attachment in Modified Scaffolds 
 A) MC3T3-E1 attachment in CG, CG-DMF, and CG-BP scaffolds after 2 and 7 days of in vitro culture. B) 
MC3T3-E1 bioactivity CG, CG-DMF, and CG-BP scaffolds after 2 and 7 days of in vitro culture.  
Conjugation of BP to the scaffolds or DMF exposure does not adversely affect cell activity or attachment 
(day 2: p = 0.0002, day 7: p < 0.0001). 
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Fig. 3.6 Cell Attachment Assay  
CG-BP-Fn scaffolds showed significantly higher MC3T3-E1 attachment compared to the control bare CG 
and CG-Fn scaffolds after 30 min (p < 0.0001). 
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Chapter 4: Preliminary efforts towards full three-dimensional control over biomolecular 
functionalization of collagen-GAG scaffolds using two-photon biophotolithography 
4.1 Introduction 
The method described previously presents an opportunity to incorporate multiple biomolecular ligands 
in a spatially defined manner on 2D substrates but also lends itself to the possibility of immobilization 
into 3D constructs to more accurately mimic the in vivo microenvironment.  The ability to incorporate 
patterns and or gradients within the 3D construct allows researchers to generate more sophisticated, 
truly 3D regions that mimic the ECM, such as tunnels or fibrilliar networks.1, 2  These more complex 
constructs have been demonstrated in hydrogels where a protecting group is cleaved by incident laser 
irradiation revealing a thiol reactive group which can be further conjugated to attach biomolecules of 
interest through a maleimide functionality.3  While this strategy allows the generation of complex, truly 
3D architectures it requires the presence or modification of the biomolecule of interest with a 
maleimide group and the use of non-native hydrogels.   
Benzophenone (BP)-modified CG scaffolds have been generated and patterned to demonstrate 
deposition of biomolecules of interest in a spatially defined manner.4  Scaffolds were conjugated to BP 
using standard bioconjugate chemistry in dimethyl formamide (DMF).  Conjugation of BP to the scaffolds 
was determined by UV exposure of scaffolds immersed in a Concanavilin A-biotin solution in a stripe 
pattern and visualizing those patterns with a QD 525-conjugated streptavidin protein using confocal 
microscopy (Fig. 3.2.a).  Since BP requires only the presence of a C-H bond in order to immobilize 
biomolecules of interest, multiple biomolecules can be immobilized onto the same 3D construct (Fig 
3.2.c) in a direct manner without multiple deprotections or modifications to biomolecules of interest.  
Generation of truly 3D mimics of in vivo microenvironments, it is necessary to be able to control and 
generate substructures presenting ligands in a spatially defined manner.  Among other applications, 
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two-photon patterning methodologies have been successfully applied to biomaterials, although these 
demonstrations have focused on creating micropatterns within hydrogel matrices specifically to 
generate sub –structure tunnels.3, 5-9  Two-photon microscopy allows penetration of the laser light to 
within the scaffold in a clearly defined focal region.  This focal region is the only place where excitation 
can take place allowing for a spatially defined pattern of interest allowing higher resolution since 
absorption, depends quadratically on intensity.10, 11 This approach should also improve the depth of 
penetration for patterning due to the decrease in scatter when moving from shorter wavelengths to 
longer wavelengths.  The use of two-photon microscopy will enable user control over the spatial 
generation of complex, true 3-D mimics of the ECM to more adequately understand the complex nature 
of the cell-adhesion environment. 
4.2 Experimental 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 
4.2.1 CG scaffold fabrication 
CG scaffolds were fabricated via freeze-drying from a suspension of type I microfibrillar collagen from 
bovine dermis (Devro Inc., Columbia, SC) and chondroitin sulfate derived from shark in 0.05 M acetic 
acid 12. This process has been previously optimized to produce a range of CG scaffold variants with a 
uniform pore microstructure with regular, polyhedral pores 13-17. Briefly, a degassed CG suspension was 
added to an aluminum mold and placed in a freeze dryer (VirTis Genesis, Gardiner, NY) at room 
temperature. The suspension was cooled at a constant rate (0.9oC/min) to -4°C and held there for 2 hrs 
to allow the suspension temperature to equilibrate; the suspension was then further cooled to a final 
freezing temperature of -40°C at 0.9oC/min, resulting in a continuous, interpenetrating network of ice 
crystals surrounded by the CG co-precipitate. Ice crystals were removed via sublimation under vacuum 
(200 mTorr) to produce a highly porous CG scaffold structure that is defined by individual fibers of CG 
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content, termed struts 17. Scaffolds were dehydrothermally crosslinked and sterilized at 105°C for 24 hrs 
under vacuum (< 25 Torr) in a vacuum oven (Welch Vacuum Technology, Niles, IL) prior to use 18. 
4.2.2 Chemical attachment of BP to CG scaffolds 
A 20 mM solution of benzophenone-4-isothiocyanate (made via an established method) 19 was made in 
dimethyl formamide (DMF), containing 0.5 M N,N-diisopropylethylamine. As prepared CG scaffolds were 
added to the solution and allowed to react at room temperature in the dark for 48 hrs. Scaffolds were 
thoroughly rinsed three times in DMF, 200 proof ethanol, and then water (ELGA LabWater Reservoir, 
Veolia Water Systems, Buckinghamshire, UK) each for 1 hr and stored under water and in the dark. 
4.2.3 Photoattachment of biomolecules onto BP-presenting CG scaffolds 
Biotinylated concanavalin A (ConA-biotin) was purchased from Vector Laboratories (Burlingame, CA) and 
a stock solution of ConA-b was prepared by resuspending lyophilized protein in phosphate buffered 
saline, pH=7.4 (PBS) at 1 mg/mL. The solution was aliquotted and stored at -20oC. Immediately prior to 
use, the stock solution was diluted in PBS to yield the empirically determined final solution 
concentration of 5 μg/mL.  
BP-modified scaffolds were soaked in a ConA-biotin solution for 1 hour at room temperature prior to 
photoimmobilization.  For photoimmobilization, scaffolds were placed into a petrie dish with a glass 
coverslip affixed to the bottom, with a 20 μL aliquot of protein solution added to the top of the scaffold. 
Exposure of the scaffolds was performed with an LSM Confocal Microscope with a Mai Tai Laser tuned 
to 740 nm at 145 mW (Carl Zeiss Microimaging, GmbH, Germany).  For biomolecular patterning, Zen 
software (Carl Zeiss Microimaging, GmbH, Germany) was tuned to produce patterns of squares, circles 
or other shapes using the drawing feature as well as control the depth and placement of the features 
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patterned on the scaffold. Following irradiation, the scaffolds were immersed in a solution containing 
0.2% pluronic F-127 in PBS for 1 hr then incubated in 1% (w:v) bovine serum albumin (BSA) in PBS. 
4.2.4 Fluorescent visualization of biomolecular patterns 
Biomolecularly patterned scaffolds were removed from the 1% BSA in 1x PBS and placed in a solution 
containing a fluorescently-labeled binding partner for at least 1 hr. Patterned ConA-biotin was visualized 
after incubation with a solution of 1 μg/mL Alexafluor 488 conjugated streptavidin (Invitrogen, Carlsbad, 
CA) in 1% BSA-PBS. After staining, scaffolds were rinsed in PBS prior to imaging on a LSM 710 confocal 
microscope (Carl Zeiss Microimaging, GmbH, Germany). Image analysis was performed using Imaris 7.0 
(Bitplane AG, Zurich, Switzerland) to render 3-D fluorescent images. 
4.3 Results and Discussion 
Biomolecular patterning within the 3D scaffold construct 
Preliminary studies on patterning CG scaffolds using two-photon excitation have been achieved.  
Preliminary results indicate the ability to pattern shapes as well as define the volume desired using the 
Zen software (Fig 4.1a).  Fig. 4.1.b allows visualization of patterns of various sizes which can be 
controlled by changing the numerical aperture when patterning.  Pattern size is limited by the diameter 
of the pores in the scaffold and thus pattern size can be decreased with a decrease in pore size.  A more 
indepth analysis of depth patterning reveals that power or penetration depth decreases as we increase 
the depth of patterning within the scaffold (Fig 4.2).  The depth of penetration for two-photon 
patterning is approximately 300 µm.  This depth is similar to what has been observed using UV exposure 
of scaffolds to spatially immobilize biomolecules of interest and thus a point where more work needs to 
be done.  Optimization of penetration depth can potentially be increased by increasing the laser power 
as patterning is attempted at deeper depths within the scaffold.  A greater understanding of power 
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dependence on immobilization as well as the effect of aperture on the efficiency of patterning will be 
undertaken to truly understand the utility of this approach for generating truly discrete, user defined, 
3D patterns within the CG scaffold construct. 
4.4 Conclusions and Future Work 
The ability to generate patterns within the scaffold allows the incorporation of multiple types of 
biomolecules of interest (growth factors, cytokines, etc).  Patterning within the 3D construct in a 
spatially, user-defined manner has been demonstrated using two-photon excitation of BP (Fig. 4.1 and 
Fig 4.2).  However it is also of interest to provide temporal control as well as spatial control over 
biomolecular patterns.  For the design of instructive biomaterials it would be of interest to develop 
materials with biomolecules which can be exogenously (user-defined) or endogenously (cell-based) 
released.  Incorporation of another photoactivatible molecule (thioxanthone, excitation ~410 nm) or the 
utilization of a peptide cleavage group would be of particular interest to generate materials that can 
immobilize proteins of interest and release those cues either with an exogenous or endogenous signal.  
Future work on this project will include rigorously characterizing the relationship between processing 
conditions (i.e. laser power, objective numerical aperture, and pixel dwell time), scaffold properties (i.e. 
pore size, relative density), and solution-phase biomolecule concentration with the resultant 
biomolecule pattern (x/y/z resolution, pattern depth) as well as developing a method to integrate a 
cleavable group to more investigate factor regulation as well as release. 
Utilizing benzophenone as a flexible tool to immobilize biomolecules of interest in a spatially defined 
manner has been demonstrated.  This technique overcomes disadvantages of other techniques such as 
pattern size and shape, application to various materials, molecularly general and it is a direct approach.  
Taken together these attributes present a attractive approach to generate patterns and gradients of 
biomolecules of interest in a user-defined manner on a variety of substrates. 
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Figures 
 
Fig. 4.1 Two-Photon Patterning in CG Scaffolds 
Patterns of various shapes and sizes are patterned using 2-photon excitation of BP.  Fig. 4.1.a and 4.1.b 
demonstrates the ability to generate patterns of various shapes and sizes by utilizing the draw feature in 
the Zen program as well as controlling the size of the shapes by changing the numerical aperture.   
Illini patterning Shapes size (100 - 500 µm)
1 mm1 mm
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Fig. 4.2 Two-Photon Depth Patterning in CG Scaffolds 
Two photon patterning of square features in the CG scaffold to determine laser penetration depth.  
Patterns begin at the surface of the scaffold (100 µm thick) and each subsequent volume is down 50 µm 
into the scaffold.  Laser penetration decreases with increasing depth to approximately 200 µm.  
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Chapter 5: Self-assembled Monolayers on Gold Presenting Benzophenone 
5.1  Introduction 
This work generated mixed SAMs on gold with (PEG)n thiols as backfilling molecules along with 
molecules presenting either carboxylic acids or amines which can be reacted with 4-benzoyl 
benzylamine hydrochloride (4-BBA) or a benzophenone-4-isothiocyanate(BP-NCS), respectively.  The 
PEG molecules are of significant importance due to their ability to help prevent non-specific protein 
absorption as well as non-specific cell adhesion.1  These surfaces presenting benzophenone can be 
characterized with contact angle goniometry and matrix assisted laser desorption ionization mass 
spectrometry (MALDI-MS).2  Once benzophenone has been attached to the surface, we can 
photoimmobilize biomolecules of interest in patterns by exciting substrates with UV light ~350-360nm 
with either an Argon ion laser.   Once biomolecules have been immobilized, attachment can be 
characterized using fluorescence microscopy, MALDI MS, and cell adhesion experiments.  The following 
work illustrates the generation of SAMs on gold presenting benzophenone characterized using MALDI 
MS and the inability of this technique to immobilize proteins of interest due to destruction of the SAM 
when exposed to UV light in the presence of solution. 
 5.2 Experimental 
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received, unless otherwise 
noted. 
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5.2.1 Preparation of SAMs on gold coated substrates  
Glass microscope slides were sonicated in acetone for 15 min and dried under a stream of nitrogen. 
Titanium metal was evaporated onto the glass substrates to a thickness of 3 nm then gold was 
deposited onto the substrates to a thickness of 22 nm using an electron beam evaporator (Temescal six 
pocket E-Beam Evaporation System, Commonwealth Scientific, Clayton South VIC, Australia).   Slides 
were rinsed in absolute ethanol and dried under a stream of N2(g) prior to exposure to alkanthiolates.  
The monolayers were formed by immersing gold substrates in a solution containing the HS-EG6-OH 
(Prochimia, 81-823 Sopot, Poland) or HS-EG3-OH with the HS-EG6-NH2 (Prochimia, 81-823 Sopot, 
Poland) or HS-EG6-CO2H (Prochimia, 81-823 Sopot, Poland) terminated alkanethiol at a specific 
ratio (1.0 mM thiol concentration) in absolute ethanol at room temperature in a coplin jar for 12 
h.  Slides were removed, rinsed in ethanol three times and dried under a stream of nitrogen gas. 
Slides were removed and rinsed in ACN, water, ethanol and dried under a stream of nitrogen.  
Successful derivitization was determined via measurement of water contact angles (Ramȇ-Hart 
Goniometer, Netcong, NJ). 
5.2.2 Conjugation of NH2-terminated monolayers with BP-NCS 
Slides were immersed in a 25 mM solution of BP-NCS (Invitrogen, Carlsbad, CA) in 9:1 acetonitrile 
(ACN):triethylamine and incubated at 4 
o
C for 24 h.  Successful derivitization was determined via 
measurement of water contact angles (Ramȇ-Hart Goniometer, Netcong, NJ). 
5.2.3 Conjugation of CO2H-terminated monolayers with 4-BBA 
A solution of 75 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and 15 mM N-hyrdoxysuccinimide 
in water was stirred with 10 or 100 mM -benzoyl benzylamine hydrochloride in 4:1 DMF:MeOH ( 4-BBA, 
Matrix Scientific, Columbia, SC) for 15 min prior to addition of slides.  Slides were incubated in solution 
for 1 h at room temperature.  Slides were rinsed in methanol, water, and ethanol and dried under a 
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stream of nitrogen, and kept in the dark in a vacuum dessicator until further use. Successful 
derivitization was determined via measurement of water contact angles (Ramȇ-Hart Goniometer, 
Netcong, NJ). 
5.2.4 Immobilization of proteins and peptides onto BP-presenting gold substrates 
The following biomolecules were used in photoimmobilization studies: Interferon gamma (IFNγ), 
purchased from  eBioscience (San Diego, CA,); angiotensin II, purchased from Sigma-Aldrich (St. Louis, 
MO); fibronectin (FN), purchased from Invitrogen (Carlsbad, CA); and RGD and RGDRGD purchased from 
UIUC Center for Biotechnology (Urbana, IL).  Stock solutions of all proteins were prepared by 
resuspending lyophilized protein in 1x PBS to a concentration of 1 mg/mL. Aliquots were stored frozen 
at -20 oC until further dilutions in 1x PBS were freshly prepared to yield solutions from 10 mg/mL to 1 
µg/ml for photopatterning.   
Immobilization was done by pipetting 20 µL of protein solution onto the slides presenting BP and 
affixing a coverslip. The slide was positioned face-up  beneath the UV output ( = 351.1-363.8 nm) of an 
Argon ion laser (Coherent Innova 90-4, Laser Innovations, Santa Paula, CA) using a beam diffuser 
(Thorlabs, Inc, Newton, NJ).  The laser power was adjusted to give a final illumination intensity of 100 
mW/cm2 at the substrate. For photopatterning of biomolecules, a Cr-coated glass photomask having 
circular features was placed onto the substrate and irradiated for 5 min up to 1 h.   Following UV 
exposure, the slide was immersed in a coplin jar with 0.5% (v/v) Tween 20 in PBS buffer and sonicated 
on ice for 30 min.   After sonication, slides were rinsed in 1x PBS, and water and dried under a stream of 
nitrogen until further characterization. 
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5.2.5 Self-assembled monolayer desorption ionization (SAMDI) of substrates 
SAMDI was performed on the substrates above to determine the signature of the starting materials on 
the substrates as well as to monitor the extent of reaction.  Prior to analysis slides, matrix (2,5-
dihydroxybenzoic acid, a 75:25 acetone:water) was spotted on the slides in various positions.   
Mass spectra were collected in positive ion mode using an Ultraflex II TOF/TOF MALDI-TOF/TOF (Bruker 
BioSciences Corporation, Billerica, MA) with a solid state UV laser and an accelerating voltage of +25 kV.  
Mass spectra were accumulated from 100 laser shots at 50 kHz.  Collected mass spectra were analyzed 
in Bruker Analysis Software 3.0 (Bruker Biosciences Corporation, Billerica, MA).  
 5.3 Results and Discussion  
Substrate characterization 
Gold substrates have been established for modeling cell adhesion environments and characterized using 
a variety of characterization techniques.3-21   The gold substrate allows characterization of biomolecular 
adsorption using SPR, and SAMDI-MS (self-assembled monolayer desorption ionization mass 
spectrometry)2 in addition to characterization techniques available for glass, XPS, SPR, ellipsometry, 
MALDI and FTIR.  SAMDI-MS was of particular interest due to recent work characterizing SAMs with 
MALDI-MS.2   SAMs were formed on the substrate to make mixed monolayers presenting an amine 
termination (50% HS-(CH2)11-EG6-OH:HS-(CH2)11-EG6-NH2).  Contact angle measurements were taken to 
determine the hydrophobicity or hydrophilicity of the substrate. Contact angle measurements provide 
an easy way of qualitatively monitoring the relative hydrophilicity/hydrophobicity of a substrate 
undergoing chemical derivitization.  Initial studies of these monolayers revealed consistent contact 
angles in the low 30o’s indicating the presence of a hydroxyl terminated group presented on the 
substrate.  These slides were then derivatized with benzophenone by reacting benzophenone-4-
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isothiocyanate (BPNCS) for 24 h at 4 oC.  Contact angle measurements of the monolayer with 
benzophenone were consistently in the mid 50’s indicating an increase in the hydrophobicity of the 
substrate.  Techniques other than contact angle goniometry were used to characterize these substrates 
(ATR, FTIR, ellipsometry); however, none provided the spectral or thickness signatures that were 
expected for benzophenone conjugated monolayers.  Mrksich et al have previously described ways to 
characterize reactions occurring on gold surfaces using SAMDI-MS, and so this technique was adopted to 
characterize our substrates.2   
Fig. 5.1 shows MALDI data for monolayers of 50% (PEG)6-OH with amine (HS-(CH2)11-EG6-OH:HS-  (CH2)11-
NH2), and 50% (PEG)6-OH with the benzophenone reacted onto the amine(HS-(CH2)11-EG6-OH:HS-
(CH2)11-NH-CS-NH-BP).  Fig. 5.1a indicates the presence of the asymmetric disulfide plus sodium of the 
amine PEG mixed monolayer by the presence of a peak at 957 m/z.  The peak expected for the mixed 
benzophenone (PEG)6-OH monolayer plus sodium should appear at 1196 m/z, however, we observe the 
major peak at 1180 m/z.  This indicates that the MALDI source (=337nm) decomposes the excited state 
triplet radical to give a major peak at 1180 m/z.  After monolayer presence had been established, we 
tried to immobilize short peptide sequences, RGD and angiotensin II, to analyze covalent attachments 
via MALDI.  However, after each reaction, there was no detectable monolayer or presence of peptide via 
MALDI (data not shown).  This may have been caused by an incomplete reaction of the amine moieties 
with a benzophenone-4-isothiocyanate molecule.  This incomplete reaction would not allow the 
attachment of benzophenone molecules, in turn preventing the attachment of the biomolecules of 
interest.   
Since an incomplete reaction was observed with the amino-terminated thiol a different surface 
conjugation approach was taken.  SAMs on gold slides with mixed monolayers of 50% HS-EG6-OH with 
carboxylic acid terminated thiols (HS-(CH2)11-EG6-OH:HS-(CH2)11-OCH2CO2H) were formed.  These slides 
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were then reacted using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-
hydroxysuccinimide (EDC/NHS) coupling conditions, adopted from Bohn et al, with MABP.  The main 
peak observed after reaction is 742 m/z, which is attributed to the monothiol with conjugated 
benzophenone plus sodium adduct. 22  Fig. 5.2 illustrates the 50% carboxylic acid monolayer and the 
reaction of 30mM MABP with the carboxylic acid mixed monolayers.  Even though our peak of interest is 
observed, the appearance of peaks at 491, 549, 957 and 1015 m/z, which represent the sodium adducts 
with residual asymmetric carboxylic acid PEG dithiol, monothiol PEG and symmetrical EG6-OH dithiols 
indicating that the reaction did not go to completion.     
 It is possible that the EG6-OH molecule used to backfill the monolayer sterically prevent the reaction of 
the peptides with the benzophenone moiety.  To determine if this was occurring, a EG3-OH thiol was 
used to make mixed monolayers with the amine terminated (PEG)6-OH.  MALDI was used to analyze the 
presence of the monolayer as well as its ability to react with the benzophenone molecules.  Fig. 5.3 
shows the presence of the monolayer of interest as well as the product of BP-NCS reaction with the 
amine terminated monolayer.  The reaction, however, did not go to completion as indicated by the 
remaining amine asymmetric dithiol at 824 m/z.  Various reaction conditions were tested to determine if 
we could force the isothiocyanate reaction to completion.  Based on the MALDI data obtained (data not 
shown), we were unable to saturate the amine molecules even in a 99:1 dilution of PEG to amine.  
As an alternative to the isothiocyanate chemistry we chose to react an EG6-carboxylic acid with an 
amino terminated benzophenone molecule via succinimide chemistry.  This reaction was monitored by 
MALDI to determine if there was saturation of the carboxylic acid moiety.  Fig. 5.4 shows the MABP 
reaction onto 100% carboxylic acid monolayers.  Not all carboxylic acid moieties react due to steric 
hindrance from neighboring molecules; however, there is a clear indication of reaction from 100 mM 
down to 10 mM MABP.  This chemistry appeared viable for attaching the benzophenone moiety.   These 
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benzophenone substrates were used to photochemically attach peptides RGDI and RGDII (RGDRGD),  
with an Ar ion laser excitation source at 70 W/mm2.  Substrates were exposed for various times at 
various concentrations (10mg/mL to 1g/mL and 30sec to 2 hours, respectively), but conjugated peptide 
was not observed by MALDI.  This seems to suggest destruction of the monolayer when exposed with 
either peptide (data not shown).  The laser as the excitation source may provide too much power and 
thus destroy the monolayer via UVmediated thiol oxidation and desorption.22, 23  To determine if the 
power source was the reason for desorption of the monolayer, experiments were repeated using a 
source with much lower power, a Rayonet Bulb lamp at ~356nm, approximately 1.3W/mm2.  Results 
suggest that the monolayer is desorbed after only 5 minutes of irradiation with the RGD solution 
(spectra not shown).  Dry destruction studies of the monolayer were done by exposing the monolayer 
for up to 2 hours.  These studies were carried out on dry substrates, on ice and under N2(g).   Results 
indicate the monolayer remains intact even after an hour of exposure (Fig. 5.5).  These results led us to 
believe that exposing the monolayer to solutions may cause the desorption of the monolayer. 
To determine if solution was causing oxidation/desorption of the monoalyer, experiments were 
performed exposing the substrates with de-airated PBS using the Rayonet bulb for up to 1 hour.   After 5 
minutes exposure, the monolayer is destroyed, meaning no peaks of interest are observed only matrix 
peaks are seen (data not shown).  The exposure of the monolayer to UV light with a solution on the gold 
substrate appears to desorb the monoalyer from the gold surface and prevents any reaction of interest 
from occurring.  This oxidation/desorption explains why peptide or protein conjugation is not observed 
with MALDI.  If this this desorption/oxidation is destroying the monolayer due to the presence of a 
solution, we cannot create substrates of interest.   
Triplet radical quenching by gold may also an issue.  Exposure of benzophenone to UV light, ~350nm, 
generates a triplet radical with a lifetime of 80-120 s in the absence of a quencher23.  This triplet radical 
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can react (C-H bond insertion reaction with a biomolecule of interest) or can relax back to the ground 
state.  Previous studies have determined gold can quench triplet radicals20,27.  For example, Yamada et al 
show an approximate 280-fold enhancement of photocurrent generation for SAMs on ITO electrodes as 
compared to the corresponding SAMs on Au.  The enhancement on ITO is due to the suppression of 
undesirable energy transfer radical quenching that occurs on the gold substrate.   This indicates that 
gold could potentially quench our triplet radical.  This may occur because the lifetime of the triplet 
radical could be long enough to allow the gold substrate to undergo non-radiative energy transfer and 
quench the radical.  If the quenching rate is faster than the rate of C-H bond insertion, the we will 
quench.  Even if 1% of the benzophenone molecules react with a biomolecule, this provides only 0.5% or 
0.01% efficiency of reaction with the benzophenones.  This was also observed when fluorescent studies 
were tried on our substrtes.  Proteins were patterned using our mixed SAM monolayers, backstained 
with a fluorescently labeled anti-body and no images were obtained.  Fluorescence quenching may 
occur due to the distance from the gold substrate.  We are within the Forsters radius and thus FRET the 
gold substrate may be quenching the fluorescence.  Since our project focuses on creating these 
substrates that present a defined number of biomolecules, it is crucial for our substrates to be 
reproducible and controllable.  These SALDI destruction results as well as the ability of the gold 
substrate to quench our excited state triplet radical led to necessetate a change of substrate.  
5.4 Conclusions  
The generation of BP-terminated thiols on gold was demonstrated.   However, these substrates are 
unsuitable for BP-modulated immobilization of biomolecules due to the desorption/oxidation of the 
monolayer when exposed to UV light in the presence of a solution.  In order to utilize BP photochemistry 
for the immobilization of biomolecules of interest a change of substrate is necessary.  Glass substrates 
present a method to attach BP and to use BP to attach ligands of interest.  Future work involves 
 91 
 
developing, characterizing the conjugation of BP to glass substrates as well as biomolecular 
immobilization on glass substrates.  Once that has been achieved, this approach can be applied to  cell-
adhesive studies, investigations into cell-substrate interacitons, and interactions ofcells with non-planar 
substrates.  
  
 92 
 
Figures 
 
Fig. 5.1 SAMDI-TOF of Mixed SAMs Monolayers 
SAMDI-TOF was used to characterize the reaction of benzophenone-4-isothiocyante (BP-NCS) with a 
50% mixed monolayer of HS-EG6-OH:HS-EG6-NH2 (A). Fig 5.1 b shows the spectra of the derivatized 
monolayer with a peak for the laser decomposition product which results from the MALDI source (337 
nm) exciting the ππ* benzophenone molecular transition. 
* 50% PEGNH2_LDI\0_M14\1\1SRef Raw
0
1000
2000
3000
In
te
n
s
. 
[a
.u
.]
* 50%BPOH_LDI\0_N15\1\1SRef Raw
0
500
1000
1500In
te
n
s
. 
[a
.u
.]
950 1000 1050 1100 1150 1200
m/z
* 50% PEGNH2_LDI\0_M14\1\1SRef Raw
0
2
4
6
8
In
te
n
s
. 
[a
.u
.]
* 50%BPOH_LDI\0_N15\1\1SRef Raw
0
20
40
60
80In
te
n
s
. 
[a
.u
.]
1120 1140 1160 1180 1200 1220 1240
m/z
A
B
957
957
1180
 93 
 
 
Fig. 5.2 SAMDI of 4-BBA Reaction 
Resultant SAMDI spectra for the reaction of a 50% mixed monolayer HS-EG6-OH:HS-EG6-CO2H (Fig. 5.1.a) 
with 4-benzoylbenzylamine (4-BBA) (Fig. 5.2.b).Residual peaks seen at 549 and 1015 m/z indicate 
incomplete reaction of the CO2H-terminated monolayers with the BP molecule. 
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Figure 4- Reaction of 4-methylaminobenzophenone with 
mixed monolayers 50% HS-EG6OH:HS-EG6-OCH2CO2H.  
The mixed monolayer prior to reaction is shown in A.  
Reaction with MABP is seen (B) by two new peaks of 
interest, however residual peaks at 549 and 1015 m/z 
remain.
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Fig. 5.3 SAMDI of 50% Mixed Monolayers of EG3-PEG and EG6-NH2 
Fig. 5.3.a shows the 100% HS-EG3-OH terminated thiol while the following show the SAMDI spectrum for 
the mixed EG3-PEG with the EG6-NH2 (Fig. 5.3.b) and the reaction of BP-NCS with the mixed amine 
monolayer (Fig.5.3.c).  The residual peaks at 693 and 824 m/z indicate an incomplete reaction of the BP-
NCS with the amine terminated thiol (Fig. 5.3.c). 
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Fig. 5.4 Reaction of 4-BBA at Various Concentrations with 100% CO2H terminated SAMs 
MALDI spectra for 4-BBA reaction (1, 10 and 100 mM) with 100% HS-EG6-OCH2CO2H monolayers.  100% 
HS-EG6-OCH2CO2H monolayers show two peaks of interest at 549 monothiol and 1074 symmetrical 
dithiol m/z, Fig. 5.4.a.  1mM 4-BBA shows no reaction products with the carboxylic acid terminated thiol 
(Fig.5.4.b).  10mM 4-BBA shows three peaks of interest, 742 (monothiol-BP), 1266 (asymmetrical dithiol) 
and 1459 (symmetrical dithiol) m/z, Fig. 5.4.c.  100mM 4-BBA reaction with the monolayers reveals all 
three product peaks of interest, Fig. 5.4.d. 
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Fig. 5.5 Dry Monolayer Destruction Studies 
100% CO2H slides were reacted with 10 mM 4-BBA and subjected to UV exposure to determine 
destruction of the resulting BP-conjugated monolayer.  Each slide was exposed to the Ar+ laser on ice 
and under N2(g).  Exposure for 0 min (Fig. 5.5.a), 15 min (Fig. 5.5b), 30 min (Fig. 5.5.c) and 60 min (Fig. 
5.5d) reveal no destruction of the monolayer after dry exposure to the laser. 
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